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Abstract
Outcrops of the upper Yucca Formation in the Indio Mountains near Van Horn, Texas
provide temporal, tectonic, and climatic similarities to Lower Cretaceous, synrift, greenhouse
pre-salt lacustrine strata along in the subsurface of the South Atlantic margin. These “pre-salt”
strata hold prolific petroleum reservoirs but despite extensive seismic studies performed for
regional scale hydrocarbon exploration in these lacustrine reservoirs, sedimentologic and
stratigraphic analyses have rarely been published. The Upper Yucca Formation in the Indio
Mountains contain lacustrine reservoir analogs that intertongue with fluvial and deltaic
sandstones.

Near Squaw Canyon, fluvial-deltaic sandstones are reduced in abundance to

lacustrine carbonates by nearly 70% over less than 1 km of exposure. This change is either
accommodated by delta progradation into the Cretaceous lake or through climatic and tectonic
events resulting in channel erosion and redeposition of mudstone and lacustrine limestone on the
lake floor. A detailed facies analysis and stratigraphic architecture of the fluvial/lacustrine
depositional system of the upper Yucca Formation was performed to distinguish how the fluvial
channels sands interact with the lacustrine muds; three stratigraphic transitions are documented
revealing 1) conglomeratic cross-bedded fluvial channel sands downcut into lacustrine muds
marked by an erosional unconformity 2) burrowed and laminated lacustrine shoreface muds
onlap meandering channel sands 3) fluvial channel sands bearing lacustrine rip-up clasts
intertongue with draping delta-front and lacustrine muds indicating a lacustrine delta. Overall the
fluvial channels characterize fluvial progradation across a desiccated lake floor with fluctuating
lake levels that are characterized by erosional unconformities, erosional lacustrine shoreline, and
interfingering fluvial-lacustrine deltaic sands and muds.
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Chapter 1: Introduction
The goal of this study is to better understand how the fluvial and lacustrine depositional
environments of the Upper Yucca Formation interact in the Indio Mountains, West Texas. Stratal
geometries and facies distributions were used to discern the stratigraphic and depositional
transition between these two systems. Successful hydrocarbon production in analogous lower
Cretaceous synrift pre-salt fluvial-deltaics and lacustrine carbonates has renewed the petroleum
industry’s interest in understanding the geologic processes that control the distribution of fluviallacustrine facies and define the reservoirs’ stratigraphic architecture (Guidry et al., 2009; Ahr et
al., 2011; Buchheim and Stanley, 2012; Wasson et al., 2012; Beglinger et al., 2012; Bahniuk et
al., 2013; Li, 2014). Despite successful hydrocarbon production in synrift fluvial-lacustrine
systems found offshore along the South Atlantic conjugate margins, the sedimentology and
stratigraphy of lower Cretaceous rift basins is poorly understood by petroleum industry and
academia (Mohriak et al., 1990; Henry, 2009; Beasley et al., 2010; Beglinger et al., 2012). The
petroleum industry is using seismic and well-log datasets to apply general conclusions across the
South Atlantic margin trend (McKie, book; Ayers et al., 1986; Horton and Schmitt, 1996;
Overeem et al., 2003; Bohacs et al., 2007; Hornung, Book; Li, 2014). Thus, an outcrop analog,
such as the one in this study, serves as a prime opportunity to gain insight into an analogous
reservoir system.
Tectonic setting and climate play a fundamental role in controlling depositional patterns,
stratigraphic cyclicity, microbialite formation, and diagenetic pathways in both fluvial and
lacustrine systems (Platt and Wright, 1991; Bohacs et al., 2002 and 2003; Gierlowski-Kordesch,
2010; Della Porta and Barilaro, 2011; Wright 2012; Li, 2014). The reservoir rocks present in the
Campos and Santos basins of the Brazilian South Atlantic margin formed within the synrift sag
interval of the rift basin history during a greenhouse period. (Mohriak et al., 1990; Henry,2009;
Beasley et al., 2010; Beglinger et al., 2012; Li, 2014). South Atlantic Pre-salt lacustrine systems
are interpreted to have been deposited in high-alkalinity rift lakes during greenhouse climatic
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conditions (Love, 2011; Dorobek et al., 2012; Anelize et al., 2013; Li, 2014). The few analog
studies of lacustrine systems are based on examples formed under modern icehouse climate
conditions, like the East African rift lakes (Cohen and Thouin, 1987; Cohen, 1989; Casanova,
1994), and the Great Salt Lake (Carozzi, 1962; Pedone and Folk, 1996) or ancient non-rift
basins, for example the Eocene Green River Formation (Buchheim and Stanley, 2012; Stanley
and Buchheim, 2013.; Seard et al., 2013).
The lower Cretaceous Upper Yucca Formation, which is located in the Indio Mountains
of West Texas (Figures 1.1, 1.2, 1.3), provides temporally and climatically correlative, pre-salt
outcrop analogs to the synrift, deltaic/lacustrine reservoir targets in the South Atlantic
(Underwood, 1962; Haenggi, 2002; Page, 2011; Li, 2014). Building on the study of lacustrine
carbonate strata from Li (2014), the purpose of this research is to assess how fluvial strata
interact with lacustrine systems. Field measurements and rock samples provide a stratigraphic
framework with sub-meter scale precision on the lateral and vertical distribution of the fluvial
and lacustrine reservoir facies. Results and models derived from this research should assist
reservoir modeling that aids exploration risk assessments in the South Atlantic off shore plays in
Early Cretaceous, pre-salt lacustrine petroleum reservoirs.
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Figure 1.1: Paleogeographic setting of North America during Cretaceous showing locations of
Chihuahua Trough and major tectonic zones including the Cordilleran Thrust Belt,
Cordilleran foreland basin and the Accretionary Terranes to the West. Modified
from Decelles 2004, Lawton and McMillan 1999, Rohrbaugh 2001. Image from
Blakey, 2016.
3

Figure 1.2: Regional tectonic setting of Chihuahua Trough and associated basins along the USMexico borderland. Notice the Indio Mountains, which is the study area, are
roughly outlined by a yellow box – this yellow box is also the outline for the next
map, Figure 1.3. Modified from Dickinson and Lawton (2001).
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Figure 1.3: Map of Indio Mountain study area. Simplified regional borderland geology. Pink
shade shows the undeformed region outside the Tectonic Belt (Laramide). This
broadly coincides with the eastern extent of the deformed Chihuahua Trough. Insert
shows geology surrounding the study area. Modified from (Rohrbaugh 2001) and
Page (2011)
5

Figure 1.4: Generalized stratigraphic column showing Cretaceous formations outcropping within
the study area. Colors consistent with insert map in Figure 1.3 Adapted from Page,
2011.
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Chapter 2: Geologic Setting
2.1 Overview
The Indio Mountains contain fluvial, lacustrine, and marine Cretaceous strata (Aptian to
Turonian) (Figure 1.4) that were deposited along the eastern margin of the Chihuahua Trough
(Figures 1.2 and 1.3) (Underwood 1962; DeFord 1964). The Diablo Platform and the subsiding
Chihuahua Trough to the southwest were the tectonic elements that controlled sedimentation
patterns in Indio Mountain region during the Cretaceous Period (Underwood, 1962). The
Chihuahua Trough was a northwest-southeast trending Mesozoic rift basin bounded by the
Diablo platform to the northeast, the Aldama Platform to the southwest in Mexico (Haenggi,
2002), the Bisbee Basin to the northwest, and the Tornillo Basin to the southeast (Figure 1.2)
(Dickinson and Lawton, 2001). Subsequent Laramide compression induced crustal shortening of
the Chihuahua Trough, forming thrust sheets in the Indio Mountains (Bird, 1998; Page, 2011).
2.2 Chihuahua Trough
The Chihuahua Trough is a depositional basin that covers northeastern Chihuahua,
southwestern Texas, southern New Mexico and northeastern Sonora (Haenggi, 2002). Extension
initiated during the Middle Jurassic and continued into the early late Cretaceous, which formed
the Chihuahua Trough (Dickinson and Lawton 2001; Haenggi, 2002). The Chihuahua Trough
developed either as a pull-apart rift basin that extended from the opening of the Gulf of Mexico
(Haenggi, 2002) or as a back-arc spreading system due to slab roll back of the Mescalera plate
(Dickinson and Lawton, 2001) (Figure 1.2). Although the specific cause of extension is unclear,
researchers concur that the Jurassic represents a period of regional tectonic change underlined by
three integral components: (1) the initiation of continental rifting (168 Ma), (2) the trenchward
migration of a magmatic arc (157-149 Ma), and (3) the rapid increase of northward movement of
Western North America (160-125 Ma) (Mauel et al., 2011) (Figure 2.1). Each of these
components likely affected the Chihuahua Trough’s formation (Anderson, 2017).
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The stratigraphy of the Chihuahua Trough consists of upper Jurassic evaporites deposited
during an early phase of rifting that was followed by early to early-late Cretaceous
conglomerates, sandstones, siltstones, and limestone with a maximum thickness of 4,700 m
(Haenggi, 2002). The stratigraphy of the Cretaceous rocks in the Chihuahua Trough was
controlled by a fluctuating shoreline of the Cretaceous sea (Underwood 1962). These Cretaceous
strata comprise six formations in the study area (Figure 1.4), in ascending order: Lower Yucca
Member, Upper Yucca Member, Bluff Mesa Formation, Finlay Limestone, Benevides
Formation, topped by the Espy Limestone (Underwood, 1962). This sequence shows cyclic
lithological alternations of siliciclastic and carbonate rocks (Underwood, 1962). During the
advance of the Mexican sea, the regolith of the pre-Cretaceous surface was incorporated in the
heterogeneous material that composes the Yucca Formation (Underwood 1962). This Cretaceous
rift-fill sequence onlapped the basin margin and overstepped older formations. Thus the basal
siliciclastic or marginal facies are younger to the north and the east (Underwood 1962). The
Cretaceous section in the study area is roughly 7,000 feet (2133.6 m) thick and the Yucca,
formation in this study, has a maximum thickness of about 2021 feet (616 m) (Underwood
1962).
Deposition in the Chihuahua Trough ended during the Turonian, with deposition of the
Chispa Summit Formation, which is not exposed in the study area (Adkins 1932). Younger
Cretaceous strata of the Cretaceous Interior Seaway are not preserved in the study area, but may
have buried the Chihuahua Trough strata (Underwood, 1962). From the Late Cretaceous to
Eocene the Chihuahua Trough was inverted during the Laramide Orogeny (84-43 Ma) on a salt
decollement producing the Chihuahua tectonic belt (DeFord, 1958). Structures consist of open,
tight and overturned folds with geometries suggesting fault-bend and fault-propagation folding
(Underwood, 1962; Reaser, 1982; Hennings, 1991, 1994; Rohrbaugh, 2001; Haenggi, 2002;
Page, 2011).
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2.3 Structure
The strata in the Indio Mountains (Figure 1.3) take an arcuate, convex-eastward shape
formed by bedding traces that trend northeast in the south and northwest in the north
(Rohrbaugh, 2001; Carciumaru, 2006; Page 2011). Structural components in the study area are:
(1) a Mesozoic rift fault network, (2) a series of north-northwest trending Laramide thrust faults,
and (3) north-northwest trending Neogene normal faults related to the basin and range orogeny
(Figures 2.1) (Rohrbaugh, 2001; Carciamaru, 2006; Page 2011).
The Mesozoic rift fault network formed the Chihuahua Trough, however, the Laramide
compression molded the outcrops observed in the study area today. The Laramide compression
was driven by the movement of the North American plate over the Farallon plate resulting in
progressively younger deformation from west to east across the American southwest (Coney,
1976). Although timing of shortening is unclear, it occurred after the Chihuahua Trough had
been filled by 83 Ma (Stevens and Stevens, 1990; Lehman, 1991). A discussion of the
deformation style is beyond the scope of this paper but it should be noted that thrust faulting was
heavily controlled by characteristics of the basin fill such as extensive evaporite strata that served
as a décollement and a high density of pre-existing faults at the trough-platform margin
(Haenggi, 2002; Page, 2011). Page (2011) provides a reconstruction of the thrust faults in the
Indio Mountains. He interpreted the range as a duplex system developed on a buried thrust, The
thicker deposits of the deeper parts of the Chihuahua Trough were thrust over the more marginal
deposits. Now, these deeper basin strata are found to the NE of the shallower strata in the upper
thrust plate (Figure 1.3).
The Indio Fault is a major structural feature, which runs northwest, and is one of the Late
Tertiary Basin and Range extensional faults offsetting Late Eocene Volcanics (Bostwick, 1953;
Underwood, 1962, Davidson, 2014).

The Indio Fault that extends the length of the Indio

Mountain range and has 1000-2000m of offset (Bostwick, 1953; Rohrbaugh, 2001; Page, 2011)
between the western downthrown block and the eastern upthrown block (Underwood 1962).
More importantly this fault forms a string to the bow of the thrust faults (Underwood, 1962; Page
9

2011) truncating them to the North and the South of the study area. As a result, the Indio fault
creates an eastern domain and western domain throughout the Indio Mountains (Bostwick, 1953;
Underwood, 1962): (1) the eastern domain is the result of a fold thrust stack that came from the
basin to the west, complicated by antiformal arching, and (2) deformed Yucca Formation in the
western domain (Page 2011).
East of the Indio fault, two major thrust faults are exposed: the Squaw and Bennett faults
(Underwood, 1962; Page, 2011). Both Underwood (1962) and Rohrbaugh (2001) suggested these
duplex thrusts were an important player in the deformation history, but they were unable to
provide details. Page (2011) demonstrated that these faults are northwest vergent faults that form
a stacked duplex. The result of this is that in the study area, strata are allochthonous, derived
from the Southeast. Furthermore, the lowest thrust sheet, underlying the Bennett Thrust (Figure
1.3), is derived from 6 km to the Southwest (Page (2011). The uppermost thrust plate, above the
squaw peak thrust, (Figure 1.3), is derived from 18km to the Southwest (Page 2011). Therefore,
the upper thrust plate is derived from deeper in the Chihuahua Trough (Page 2011). This is
significant because the entire Cretaceous section is well exposed, which is where the Upper
Yucca Formation is exposed (Underwood, 1962). The Upper Yucca lithofacies and stratigraphic
thicknesses vary between these thrust sheets. The Upper Yucca is 650m thick in the hanging wall
of the Squaw peak thrust and 280 m in the structurally lowest footwall of the thrust system (Page
2011), which reflects its more basinal setting (Li, 2014).
The third structural element are the northeast trending normal faults (Underwood, 1962).
These faults exhibit grow strata, soft sediment deformation, and facies changes that indicate the
faults were active during deposition of the fill of the Chihuahua Trough. (Budhathoki, 2009; Li
2014). The thickness of the upper Yucca units change across these faults, and (Li, 2014)
interpreted facies changes across the fault within the lacustrine units.
The study area is confined to the lower thrust plate (Figure 1.3) on the NE, upthrown side
of the Indio Fault. Upper Yucca strata in the study area strike between 320 and 350 degrees and
dip between 20 and 40 degrees to the NE. The outcrops on this plate dip NE due to their position
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on the thrust duplex (Page, 2011). Rotation during uplift on the Indio fault tilted strata an
additional 11 degrees to the NE. A complex set of NE-trending faults offset upper Yucca strata
by up to 5 meters in Echo Canyon and parallel faults do the same in Squaw Canyon
2.3 Upper Yucca Formation
The Yucca Formation is composed of siliciclastic and calciclastic materials that were
deposited in alluvial fan, braided stream, meandering stream, and lacustrine settings
(Underwood, 1962; Page, 2011; Li, 2014). As mentioned in the structural summary of the area,
the base of the Yucca formation is either buried or is truncated by faults in the Indio Mountains
(Underwood 1962). Outcrops of the Yucca Formation range in thickness from 600-700 meters; it
is composed of sandstone, shale, sandy limestone, and limestone gravel or pebble-clast
conglomerates lithofacies (Underwood, 1962; Page, 2011; Li 2014). Early workers considered
the Yucca Formation as the basal part of the Bluff Mesa Formation (Underwood 1962).
The Yucca Formation is subdivided into two informal units: the lower Yucca Formation
and the upper Yucca Formation (Underwood 1962). The lower Yucca is mostly coarse-grained
conglomeratic siliciclastic fluvial and alluvial facies. Where the contact with the lower Yucca
Formation is exposed, there is a conformable yet abrupt fining upward change into the upper
Yucca as well as a color change from dark maroon red to light reddish gray-buff (Underwood
1962; Page, 2011; Li, 2014) (Figure 2.2). The upper Yucca includes finer grained fluvial and
deltaic conglomeratic sandstones along with siltstones and lacustrine mudstones (Underwood
1962; Li, 2014).
The Yucca is conformably overlain by the Bluff Mesa Formation, which has a maximum
thickness of 242 meters (Underwood, 1962). Rapid transgression flooded the poorly sorted
deltaic and lacustrine environment and deposition in open marine environments in the Bluff
Mesa Formation ensued (Underwood, 1962). Lithologically this unit is characterized by gray to
dark-gray, fossiliferous and oolitic limestone interbedded with fine-grained quartz sandstone
(Underwood, 1962) suggesting deposition under normal marine conditions on a shallow shelf.
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The foraminifera Orbitalina is key faunal indicator, because it is only present in the Bluff Mesa
Formation (Underwood, 1962).
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2.4 Previous Work
Marine to Lacustrine Deltaic Models are not Proportional
Results from research on marine deltas are not directly transferable to lacustrine systems,
because these are much more sensitive to fluctuations in climate-driven sediment and water
supply (Bohacs et al., 2000; Bohacs et al., 2003; Bohacs et al., 2007; Pla-Pueyo et al., 2009;
Reading, 1996), which results in fundamentally different depositional systems that receptive to
the hydrological system (Hornung, 2015). This has been documented by seismic investigations
of large lacustrine deltas in rift and foreland basins (Wood, 1994; Scholz and Finney 1994;
Moore et al., 1997; Back et al., 1999; Escalona and Mann, 2006; Scholz and Hutchinson, 2000).
According to these studies the following differences between marine and lacustrine deltas are
most obvious: 1) water-level fluctuations operate at different scales, usually showing much
higher frequencies and magnitudes in lakes (consider that perennial lakes typically last 10’s to
1000’s of years); 2) basin morphologies and differential subsidence patterns are often more
accentuated, especially in rift settings; 3) suspended sediment dispersal may strongly vary with
time due to temporal stratification and changing salinity; and 4) tides play no prominent role,
whereas wave and storm action may be important distributary process but have a reduced fetch,
which reduces shoreface water depth and results in thinner shoreline sand bodies. (Dam and
Surlyk, 1992). In effect, lacustrine environments can not be correlated with global marine
transgressions and regressions, making sequence stratigraphy nearly impossible, however they
can be tied to fluctuating lake levels within the same basin.
Higher rates and frequencies of lake-level fluctuations directly affect the available
accommodation space and thus the preservation potential of architectural elements in lacustrine
systems (Bohacs et al., 2007; Hornung, 2015). Bohac’s (2007) schematic lake-type model
illustrates the relationship between sediment fill rate and potential accommodation rate, which
Bohacs et al. invokes is proportional to the precipitation over evaporation ratio and basin
subsidence, respectively. Forced regression and complete subaerial exposure of deltas are quite
common phenomena in lacustrine systems and even may remove highstand deposits, which often
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dominate marine systems (eg. Overeem et al., 2003; Keighley et al., 2003; Hornung, 2015). This
favors the formation and preservation of thick transgressive systems tracts in lacustrine settings
(Hornung 2015).
Fluvial Models in Rift Settings
Two types of distributary fluvial systems (DFS) can be recognized in rift systems: lateral
and axial (Weismann, 2005). Lateral systems are derived from both the hanging-wall and
footwall of active half grabens. Hanging wall systems are larger and in many cases may
dominate the basin fill in half grabens (eg. Leeder and Gawthorpoe, 1987; Frostick and Reid,
1987; Mack et al., 2003; Weismann 2005). Axial DFSs occur at the toes of lateral systems, from
which they are often fed, and run parallel to the basin-bounding faults. Depending on the climate,
axial systems may either terminate in a playa or a permanent lake in an endorheic basin
(Weismann, 2005).
The Kwando and Zambezi are examples of where a river crosses a fault in a rift system
(Weissmann, 2005). The channel planform changes from braided to meandering across the fault.
DFSs form where rivers enter the rift basin on the northern edge of the Mweru-Tshangalele Rift,
a southwestern extension of the main western rift. In the relatively wet climate of this basin, the
DFSs terminate in either perennial lakes, wetlands, or the axial river systems. These DFSs are
typically meandering near the DFS apex, bifurcating into smaller splay channels within 4-5 km
below the DFS apex. Down-fan the splays and/or wetlands coalesce into vague channel belts.
However, clear channels are not present until the distal portions of the DFSs.
In the drier climate zone, for example those in the rift in northern Kenya and southern
Ethiopia, DFSs have processes commonly associated with alluvial fans (sheetflood, debris flow,
and shallow braided channels) (Jungerius et al., 2002; Quade et al., 2004; Weissmann, 2007).
Footwall-derived fans are limited in their development by an axial fluvial system sourced
parallel to the basin bounding faults (Weissmann 2008). Fans derived from the hanging wall dip
slope increase in size distally where the basin widens.
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Chapter 3: Methods
3.1 Data Collection
Field mapping was accomplished with a Brunton compass, a Jacobs staff and tablet with
GPS capabilities and high-resolution satellite imagery all integrated into the QGIS software on
the tablet. The tablet’s capabilities adds value by GPS mapping bed contacts in real-time, which
helps to delineate facies and the geometry of the fluvial system where fluvial and lacustrine beds
interfinger. The tablet also allows point data to be stored at a single sample location including:
observations, photographs, and facies definitions.
A total of twelve stratigraphic sections were measured in between Squaw Canyon and
Echo Canyon and also just to the north of Squaw Canyon in the central thrust panel (Figure 3.1)
(Appendix A). A GPS was used to mark contacts, a Brunton compass to measure strike, dip, and
paleocurrent directions, and a Jacobs staff to measure bed thickness. Of the twelve measured
stratigraphic sections, two complete stratigraphic sections were measured in the vicinity of Li’s
(2014) measured sections, one near Echo Canyon and another near Squaw Canyon. The purpose
of these two sections was three fold: 1) document the lithofacies 2) validate the stratigraphic
cycles defined by Li (2014) and 3) observe trends and changes in the upper Yucca Formation
across a two kilometer wide profile.
The remaining ten partial sections were measured to focus on detailed documentation of
attributes of three specific fluvial to lacustrine transition zones found in the upper Yucca
Formation (Figure 3.1): A) Three closely spaced stratigraphic sections of the lowest 40 meters of
the upper Yucca Formation were measured proximal but south of the Squaw Canyon Section in
order to document the fluvial to lacustrine sequence boundary (yellow box in Figure 3.1) B)
Three, 40 meter sections were measured just north of Squaw Canyon in order to capture the
erosional lacustrine shoreline (red box in Figure 3.1) C) Four, 40 meter stratigraphic sections
were taken in order to document a lacustrine delta (orange box in Figure 3.1).
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Figure 3.1: Data map showing study area location and specific locations of measured sections (Dotted lines) faults (red lines), bolded
Indio Fault, and the basal and top contact of the upper Yucca Formation. Study area is constrained central thrust Panel as
shown in Figure 1.3 and extends from Echo Canyon Road to Northwest of Squaw Canyon.
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3.2 Data Processing
Based on Miall’s (1978) fluvial facies classification nomenclature (Figure 3.2) there are
14 identifiable lithofacies that outcrop in the upper member of the Yucca Formation including
Gh, Gmm, Gt, St, Sp, Sr, Sh, Sl, Ss, Sm, Fl, Fsm, Fm, and Fr. Miall’s (1978) fluvial lithofacies
classification scheme is grounded in the sedimentary features, particularly the unique
sedimentologic and stratigraphic features including: color (weathered and fresh), sedimentary
structures (primary and secondary), stratal geometries, nature of bedding contacts, and presence
of fossils, bioturbation, or root traces (Figure 3.2).
Miall’s standard lithofacies are defined by unique compositions and fabrics, which
provides the constituents to build facies associations. Facies associations are critical for
understanding the architectural framework of the upper Yucca Formation and a total of eight
facies associations have been differentiated. Once refined, these eight facies associations lead
way to a single depositional model, which has been reproduced to illustrate their spatial and
temporal relationships from alluvial plain-fluvial braided, meandering streams, and distributary
channels to lacustrine delta and lacustrine littoral mudstones and microbialites.
.
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Figure 3.2: Miall’s Fluvial Facies classification scheme.
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Chapter 4: Results
4.1 Stratigraphy of the Upper Yucca
The upper Yucca Formation in the Indio Mountains consists of alternating units of
sandstone and shale. Page (2011) presented sections that included 9 shales in the upper Yucca in
two separate thrust panels and 11 in the uppermost panel with the thickest upper Yucca section.
He noted that the boundary between the lower and the upper Yucca Formation was abrupt and
probably represented a stratigraphic continuum.

Page (2011) interpreted this as a marine

transgression based on the presence of limestones and burrowed horizons in the upper Yucca. Li
(2014) reinterpreted the upper Yucca as lacustrine and interpreted 11 upward-shallowing, fluvialto-lacustrine cycles;v h inferred that each cycle represented an upward-shallowing lake, capped
by fluvial strata. Li (2014) correlated key beds between Squaw and Yucca canyons to support
his concept.
In this study key beds, including those identified by Li (2014) were re-correlated between
Squaw Canyon and Echo Canyon. Units of the upper Yucca were also mapped through the study
area using high-resolution photographs that were not available to Li (2014) (Figure 4.1). Some
of the units correlated by Page (2011) and Li (2014) were found to be miscorrelated. Li also
miscorrelated the base of the upper Yucca south of Echo Canyon. Ten units proved to be
correlatable and should serve as a framework for correlation of upper Yucca stratigraphy beyond
the study area and into different thrust sheets (Figures 4.2 and 4.3).

Five of these units were

shales, interpreted by Li as lacustrine mudstones. Three of the mudstones (Units 2,4, and 8;
Figure 4.1) can be correlated across the entire study area while the other two mudstones, Units 6
and 10, are discontinuous. Unit 6’s apparently eroded and removed in several places by incision
of fluvial channels of the base of Unit 7. Unit 10 is removed by erosion at the base of the
overlying Bluff Mesa Formation. Li (2014) described a transgressive lag at the contact between
Yucca and Bluff Mesa and Unit 10 may have been removed by scour during that transgression,
which marks the initiation of the Bluff Mesa Formation’s deposition.
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Units, 1,3,5, 7, and 9 are dominated by sandstone facies. Stacked channel forms can be
observed in these units that are prominent ridge formers across most of the study area. Unit is 1
20 meters thick, unit 3 is 45 meters thick, Unit 9 is 30 meters thick. All three units become
significantly finer-grained to the north, with interbedded shales forming a thicker portion of the
section. Underwood (1962) and Li (2014) interpreted these as fluvial channel sandstones. Page
(2011) interpreted them as coastal sandstones. The base of unit 1 is marked by a color change
from reddish sandstones of the lower Yucca to more gray-buff sandstones of the upper Yucca
and is abruptly capped by the thin mudstone of unit 2. Unit 1 typically is the coarsest-grained and
is mostly made of conglomeratic channel sandstones. Unit 3 is confined by mudstones both top
and bottom; There is a marked transition from conglomeratic channel sandstones to interbedded
channel sandstones and shales that begins 0.5 km south of Squaw Canyon and progresses to
Squaw Canyon Road (Figure 4.1). This transition is a surface that is inclined across bedding
from south to north.
Units 5 and 7 represent approximately half the thickness of the upper Yucca. It is difficult
to subdivide these units because lateral facies changes make correlation difficult, which accounts
for the extra units in Li (2014) and Page (2011). In several locations, inclined strata, which are
the distinguishing features of these units, form foresets that are pervasive throughout this unit
(Figure 4.1) These are best exposed in the northern part of the study area (Figure 4.4) where it
has been mapped and is referenced in the orange box in Figure 4.1. Apparent dips to both northnorthwest and south-southeast are evident in both of these units. The largest and best exposed in
the outlined orange box and here. Unit 5 has southward dipping clinoforms.
Unit 9 is finer-grained but similar to Units 1 and 3. At the extreme northern end of the
study area, Unit 9 is a prominent ridge former that is composed of coarse-grained sandstones and
some interbedded shales. 300 meters to south of Squaw Canyon, shale beds become more
common within Unit 9. South of this the sand content increases again towards Echo Canyon.
Within Echo Canyon, poor exposure makes correlation of Unit 9 difficult. However, inclined
strata similar to those in Units 5 and 7 are evident.
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Figure 4.1: Stratigraphic Map of the upper Yucca. Colors represent the different stratigraphic units as shown by the Echo Canyon
Measured Section to the side for reference. Brown represents significant regional lacustrine units, which are also
designated by the even numbers (2, 4, 6, 8, and 10). Notice lacustrine units 4 and 10 are discontinuous especially towards
the north. Erosive fluvial systems erase there stratigraphic mark. Reds and oranges, yellows, and greens are sandy
braided fluvial or deltaic units. Faults, in red color, correlate with increased accommodation, hence why lake deposits
generally get thicker on either side of the fault.
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Figure 4.2: Squaw Canyon Measured Section with schematic stratigraphic map for reference.
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Figure 4.3: Echo Canyon Stratigraphic Section with schematic stratigraphic map for reference.
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Figure 4.4: Best delta outcrop showing inclined strata that form deltaic foresets with apparent
dips towards the north-northwest (Orange box coincides with orange box in Figure
4.1) There are many more deltaic foresets with apparent dips to both northnorthwest and south-southeast evident in both of these units.
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4.2 Lithofacies
After finalizing the depositional environments of the upper Yucca Formation, the 14
lithofacies that Miall defined were grouped, based on sedimentary relationships like gradational
contacts into eight differentiable lithofacies: clast-supported gravel conglomerate (F-A), matrixsupported gravel conglomerate (F-B), lacustrine-clast bearing matrix-supported conglomerate (FC), gravel-bearing channelized coarse-grained sandstone (F-D), medium-grained cross-bedded
sandstone(F-E), fine-grained laminated and bioturbated sandstone(F-F), nodular limestones,
mudstones and micrboialites (F-G). These eight lithofacies are presented in Table 4.1.
Note the facies codes in Figure 3.2 that are segregated by Miall’s (1978) classification
scheme are grouped together in the final upper Yucca lithofacies shown in Table 4.1. Grouping
the lithofacies together is necessary because some are inseparable from others in outcrops of the
upper member of the Yucca Formation. For example, Facies F, which includes Miall’s Sh and Fr
facies, contains horizontal laminations, a primary structure, that is sometimes mottled and
overprinted by burrows, a secondary sedimentary structure (Figure 4.5). Also, note the majority
of the fine-grained lithofacies in the upper Yucca are lumped together. This lumping is
intentional because these particular fine-grained units identify with the lacustrine littoral and
sublittoral lithofacies that are already differentiated by Li (2014).
Refining Miall’s scheme was necessary to interpret the fluvial environments of the upper
Yucca and also to retain consistency and uniformity amongst other fluvial sedimentologists.
Although, sceptics rightfully claim this can actually lead to uncritical application by losing
possible important detail where new observations would have been made of deposits and
structures that differ from the “standard” (Bridge 1993a), his classification scheme was applied
after original observations and interpretations were completed.
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Table 2.1: Upper Yucca Lithofacies with abbreviated descriptions
Lithofacies
name

Grain (Size,
Shape,
Sorting)

Structures

Bedding (thickness, form, contacts)

Gh

Clst Sptd
Grvl Cgl

C - UvC; A sA; Poorly

Structureless;
occasional gravel
imbrications

Medium-thick (0.2 - 1.2 m);
Avg total thickness = 0.8 m
Contacts: base is sharp scoured, concave;
top is sharp lenticular and subplanar

B

Gmm

Mtrx Sptd
Pbl-Grvl
Cgl

LC - LvC; A,
Poorly

Imbrications; Mild
Xbdding;
Structureless;

Medium-thick-Massive (0.2 - 2 m);
Avg total thickness = 3.2m
Contacts: base lenticular/undulatory, Sharp

C

GtGp

Mtrx Sptd
lac-clst
Grvl Cgl

C - UC; sA;
Poorly

lacustrine rip-up
clasts; Txbdd;Xbdd;
Poor imbrications;
Structureless;

thin - medium bedded (0.1 - 0.3m); Avg
total unit thickness = ??? Contacts are
undulatory/scour filled base and gradational
with overlying sandstones

D

St-Sp
(Sm)

Gvl
bearing
chnl ss

Um - UC;
sA; Poorly to
submoderately

Txbdd; Xbdd; few ripup clasts; rare gravel
stratified imbrication
(occasionally
structureless)

Thin - thick bedded (0.1 - 0.5m); Avg unit
thickness = 2.4 m; undulose base with sharp
horizontal top

E

Sl Ss

scour fill
channel ss

Uf - Uc; A sA -sR; poor

scour fill; txbdd;
planar xbdd; channels;
occasional rip-up
clasts

Thin - med (0.1 - 0.5m); Avg unit thickness
= 3.2 m; undulose base with sharp
horizontal top

F

Sr

ripple
laminated
SS

Lm - Um; sA
- sR;
moderate

ripple
crosslaminations;
climbing ripples;
whispy/wavy
laminations

thin bedded (0.1 - 0.2m); Avg unit thickness
<0.4m. Usually gradational with unit above
and below

G

Sh +
Fr

laminated
and
bioturbated
SS

Uvf - Lm;
sR- wR;
moderate

horizontal laminations;
inclined laminations;
bioturbations,

thin - medium bedded (0.1 - 0.4m)
(occasionally thickbedded 0.4 - 0.7 m); Avg
unit thickness = 0.4; gradational top contact
and undulatory but sharp base

mud, silt-Uvf

laminations;
bioturbation;
desiccation cracks;
roots? Stromatolites;
thrombolites;
Septarian Nodules;
radial calcite fans

thin - massive bedded; lenticular
discontinuous yet pervasive nodules; Avg
unit thickness = 4m; gradational basal
contact and scoured top

Miall
code

A

#

H

FlFsmFm
(Fr)

muddy,
silty, fine
grained
mudstones
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Facies A: Clast-Supported Gravel Conglomerate (F-A) [Gh]
F-A is lenticular medium-bedded to thick-bedded (0.2-1.2m) imbricated gravel-clastsupported conglomerate with a maroon-buff matrix with chert clasts of white, black, pink, red,
and tan colors chert as well as dull tan-gray limestone clasts (Figure 4.5). F-A’s sharp basal and
top contacts are expressed in both lenticular and channelized bedforms; Ultimately, F-A is
interbedded within its fine-grained, more pervasive, counterpart F-B (Figure 4.6). Laterally, F-A
tends to be continuous from three to fifty meters (Figures 4.7, 4.8, and 4.9). Stratigraphically,
this clast-supported conglomerate does not occur above the 3rd stratigraphic unit (Figure 4.1). In
terms of the siliciclastic to carbonate system change, F-A represents a high energy flooding
surface, which is significant for the 1st stratigraphic transitional model - the lacustrine to fluvial
sequence boundary (discussed in chapter 4.3).
Mineral composition and grain analysis of the heterogeneous Paleozoic-carbonate-clast
and chert-clast gravel conglomerate indicates source diversity. The interbedding with finergrained strata indicate varied flow energy. The variation in clast type (chert and limestone), clast
size, and clast angularity indicates two sources for this conglomerate: 1) a more distant source of
chert and 2) a nearby source of limestone (Figure 4.10). Compositionally, F-A contains
Paleozoic, gastropod-bearing, dull-gray to tan limestone clasts, with a subrounded shape, that
range in size from 0.1cm to 25cm and tend to weather out and create circular voids on the rock
surface. These carbonate clasts display discrete normal grading up through a single stratigraphic
bed (Figure 4.11). While intrinsically being more resistant to weathering and erosion, the chert
clasts tend to be sub-rounded to sub-angular and range in size from 0.1cm – 8cm with no obvious
grading in F-A.
Beyond the slight grading, F-A contains very few sedimentary structures. The
sedimentary structures are limited to gravel imbrications (Figure 4.12), and occasional faint
cross-bedding. Lack of structure indicates high, turbulent flow regimes that deposit mass
volumes of sediments in short periods of times.
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F-A has variable outcrop thickness and coexists underlying or interstratified with Facies
B in isolated ribbons (Figure 4.6b). These isolated channel-like bodies average 40 centimeters in
height by 5 meters in width taking a lenticular bedform interstratified within F-B. The nature of
these stratal contacts is sharp with broad concave up basal geometries, suggesting these channels
cut down into underlying F-B (Figure 4.8).
Overall F-A is inherently similar in terms of composition, depositional environment, and
geologic setting to Facies B with the only difference being its larger clast size and lack of matrix
in this facies. Judging from the high volume of gravel and pebbles in relation to the coarsegrained matrix, F-A was likely deposited in turbulent, unidirectional flow with low viscosity,
relatively high velocity and rough bottom. F-A is interpreted as a high energy channel base
deposit, which is apparent from the sharp, concave-up channel forms fining upwards, while its
counterpart, F-B tends to have a graded-sheet geometry. As F-B’s counterpart, F-A represents
high energy deposition in channels with migrating longitudinal bedforms indicating this
turbulent flow regime. This is significant to the upper Yucca because it shows progradational
cycles across a lacustrine system that could have been in an alluvial fan, braided river, or a fan
delta.
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Figure 4.5: Squaw Section 2, Base of Unit 3 - F-A exhibiting minimal sedimentary structures,
however it does show the slight normally-graded pebble to gravel clast size.
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Figure 4.6a: Echo Section, Unit 1 - Base of upper Yucca Formation (0 m to 4.5 m).

Figure 4.6b: Same outcrop as above Figure 4.2a- Colors highlight lithofacies: F-A in orange-red, F-D in lime green, F-B no highlight.
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Figure 4.7: Panorama just north of Squaw Section exhibiting Units 2, 3, and 4 – ledge forming outcrops of interbedded F-A and F-B are laterally discontinuous to the north. Color code: red box is Fig. 4.8; yellow = Fig. 4.9
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Figure 4.8: Base of Sqauw Canyon section 2, unit 1-1, red box in figure 4.3. Jacob’s staff for scale. Illustrates F-A’s sharp top contact
and undulose basal contact. Color code: F-A in orange-red, F-D in lime, F-B no color.

Figure 4.9: Squaw Section 2 and 3, unit 3 and 4 in Figure 4.3. 50 meters laterally along strike of Figure 4.4, Jacob’s staff for scale.
Basal F-B in Figure 4.2 thins and upper F-A grades into matrix –supported F-B, which also cuts down into F-D. Color
code: F-A in orange-red, F-B yellow-orange, F-D in lime green.
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Figure 4.10: Thin sections from Unit 3 conglomerates found in Sqauw Section 1 - both
conglomeratic Facies A and B, stained red for calcite. On left, buff-tan carbonate
clast (yellow star within clast) F-A showing extragranular contacts with
surrounding quartz and chert clasts. Also organic material is concentrated on upside of the rock. On right, gastropod in red circle is filled with organic material in
upper half, on up-side.

Figure 4.11: Squaw Section 1, Unit 3. F-A makes a sharp undulatory contact with overlying
imbricated matrix-supported F-B.
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Figure 4.12: Squaw Section 1, Unit 3 - Bottom of picture shows F-B with lenticular interbed of
gravely sandstone or F-D (near geological scale card). At base of F-D there are
large limestone clasts that have been weathered away and leave behind large void
spaces. F-D is capped by a downcutting F-A with gravel clast imbrications.
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Facies B: Matrix-Supported Gravel Conglomerate (F-B) [Gmm]
F-B outcrops in broad channelized, medium to thick bedded, (0.25-0.7m) matrixsupported conglomerate with a light maroon-red coarse-grained matrix containing heterolithic
gravel clasts of white, pink, red, and black chert-clasts and dull gray limestone clasts (Figure
4.11). Total stratigraphic thickness averages 3.2 meters with massively lenticular to quasi-tabular
bedforms (Figure 4.6b and 4.7). F-B is distributed across study area in the upper Yucca but
becomes less frequent, less thick, and laterally discontinuous progressively up stratigraphic
section. Similar to the clast-supported F-A, F-B represents the turbulent flow in graded
sheetflood deposition, which is significant for the first fluvial to lacustrine interaction, the fluvial
to lacustrine sequence boundary discussed later in Chapter 4.3.
Compositionally, Facies B is very similar to Facies A, except for having a more pervasive
coarse-grained sandy matrix that envelopes its relatively smaller heterolithic gravel clasts. The
matrix is upper coarse to very coarse-grained sands and forms, about 50% total (Figure 4.10).
Clast sizes average 0.66cm but have been observed up to 15 centimeters on the long axis.
Maximum clast size generally decreases up section.

Sorting and observable sedimentary

structures tend to increase towards the top of each individual Facies B bed. The Paleozoic
carbonate clasts tend to be larger than the chert clasts, which is surprising since carbonate is a
softer rock (Figure 4.12). This implies F-B conglomerate is derived from two sources, similar to
Facies A. Chert clasts average 0.4 cm’s in diameter while carbonate clasts are about 0.9cm’s.
With more matrix than F-A, F-B indicates a relatively lower energy in the depositional system.
Sedimentary structures include scour and fill structures (Figure 4.9), imbricated Paleozoic
carbonate clasts (Figure 4.11) and chert clasts (Figure 4.11), and some poorly developed trough
cross-beds (Figure 4.13). These indicate unimodal current directions in a range from 340 degrees
to 5 degrees; however, this facies is mostly structureless or slightly imbricated. Occasionally
well-formed cross beds are observable – generally near or at the top of the facies near transitions
into the relatively finer grained Facies D and E (Figure 4.13).
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Stratigraphically, Facies B is more widespread in thickness and continuity than Facies A
(Figure 4.6b). Laterally, F-B can continue up to a couple hundred meters along strike and
pinches or grades into gravelly coarse-grained sandstone of Facies D along strike or up section
(Figures 4.7, 4.8, and 4.9). On average, this facies crops out in amalgamated channels around 3.2
meters thick with average individual bed thickness of 35 – 40 centimeters. Note, the bed
thickness can change laterally over short distances. For example, in the third stratigraphic unit in
the Squaw Canyon section, this facies was 3.8 meters thick (Figures 4.7 and 4.8), however 30
meters north this bed is only a meter thick (Figure 4.9). Above the third stratigraphic unit this
lithofacies is locally observable, in lenses less than 50 meters in outcrop (Figure 8).
F-B is closely related to its clast-supported F-A counterpart but its depositional energy is
lower, which is conceivable from its finer grain size and matrix-supported gravel-clasts. The
planar tabular cross-bedding of individual units indicates deposition on barforms. The repetition
of these units suggests episodic energetic interjections of turbulent flow. This is evident from the
channel fill in both the first and the third stratigraphic units. In stratigraphic unit 5, Facies B
shows lateral accretions forming on point bars suggesting a meandering stream.

F-B is

interpreted as a braided and meandering stream channel fill deposit that can be up to 7 meters
thick.

Figure 4.13: Trans-Shore Section 2, Unit 5 - F-B showing poorly developed trough-cross-beds,
planar tabular cross beds as well as normal grading.
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Facies C: Lacustrine-Clast Bearing Matrix-Supported Gravel Conglomerate (F-C)
F-C is a thin-bedded to medium-bedded (0.1-0.3m) weathered yellow-brownish matrixsupported, fresh purple-bluish lacustrine-clast bearing, gravel conglomerate (Figure 4.14) that
first appears in the upper Yucca’s 5th stratigraphic unit (Figure 4.1). This lacustrine-clast bearing
conglomerate can be differentiated from F-A and F-B based on clast compositions and
abundance of sedimentary structures.
The clasts and the grains in Facies C are more angular (Figure 4.14B) and these clasts are
predominantly composed of rip-up clasts of lacustrine limestone nodules similar to those in
subjacent lacustrine beds, where F-A and F-B have chert and Paleozoic limestone clasts. These
lacustrine carbonate rip-up clasts range in size from 0.1cm (Figure 4.14B) to 20 centimeters
(Figure 4.15), with the clast size and frequency decreasing upward through a single stratigraphic
unit.
F-C shows an increased abundance and assortment of sedimentary structures including
trough cross-beds and planar tabular cross-beds (Figure 4.16). Furthermore the carbonate
composition enhances preservation of sedimentary structures by cementing the rock shortly after
deposition. Rarely, F-C exhibits structureless fabrics (Figure 4.15) and even reverse grading
(Figure 4.14B).
Starting in the fifth stratigraphic cycle, F-C outcrops in much smaller lenses and channels
than F-A and F-B (Figure 4.17). On average, the isolated ribbon channels are around a meter
wide and 30 centimeters thick in unit 5 (Figure 4.17). In younger stratigraphic units, like units 7
and 9, the size and frequency of these lenticular outcrops develops into multistory channel
networks (Figure 4.18) or even quasitabular bedforms (Figure 4.16). However, Facies C can
grade laterally into coarse-grained trough cross-bedded and ripple-laminated zones (Facies F).
Also, its upper contact appears sharp underlying F-D and F-E or it appears gradational with the
mottled and laminated Facies F (Figure 4.19).
Facies C is interpreted to have been deposited in a confined unidirectional turbulent flow
based on the channel bedforms. Although the variety of sedimentary structures indicate both
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upper and lower flow regimes suggesting an unstable and perhaps episodic events.

Most

significant, the gravel clasts in this conglomerate are derived from nodules reworked from
underlying lacustrine mudstones (Facies G or Facies H).

Figure 4.14: Echo Canyon Section, unit 5 - F-C imbricated nodular conglomerate clasts
composed of carbonate nodules similar to those in underlying lacustrine mudstones.
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Figure 4.15: Echo Canyon Section, Unit 5 - F-C gravel to cobble composition encased in buff
colored F-D

Figure 4.16: Delta Section 4, Unit 7 - F-C is dark unit interbedded with the buff F-D that lies in
the same plane as the yellow field book. Notice the upper most F-C bed’s trough
cross-beds cuts down into F-D forming a concave-up, channel geometry. However,
F-D also cuts down the lower bounding F-C
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Figure 4.17: Echo Canyon Section, Unit 5 - F-C lense (hammer for scale) enclosed in weatheredout F-D multistory complex.
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Figure 4.18: Echo Section, Unit 7 - F-C lenses, circled blue, encased by F-D and F-E sandstones.
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Figure 4.19: Echo Canyon Section, unit 7, basal blue colored circle in Figure 4.17 - Reverse graded F-C in basal layer with fining
away that is interbedded with planar tabular F-D sandstones. Figure B highlights facies distribution: blue is F-C, green is
F-D, yellow is F-E
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Facies D: Medium to Coarse-Grained, Gravel Bearing, Trough-Cross-Bedded Sandstone
(F-D) [St-Sp-Sm]
F-D is a discontinuous, lenticular (Figure 4.20a), thin to thick-bedded (Figure 4.20b)
yellow or buffish-gray medium to coarse-grained, trough-cross-bedded sandstone. Isolated
gravel layers are also present (Figure 4.20c), F-D’s wide spectrum of sedimentary structures,
bedforms, and stratal relationships coupled to its unimodal paleocurrent data indicates sediment
was transported and deposited in confined unidirectional turbulent flows at shallow depths.
Facies D is composed of poorly sorted, subangular, medium-grained to coarse-grained
quartz and feldspars. Interbedded chert and limestone stratified gravel layers less than 5 cm’s
thick suggest episodic higher flow regimes (Figure 4.21). Unlike Facies-B, where the limestone
clasts were larger and pervasive, chert are more pervasive in F-D’s gravel layers.
Sedimentary structures in Facies D include both 3-D trough-cross-bedded sands (Figures
4.20B and 4.22), 2-D planar-tabular-cross-bedded sand dunes (Figures 4.23 and 4.24), and scour
and fill structures (Figure 4.21). The trough-cross-bedded features tend to be 10-20 centimeters
thick and form both single sets that show the paleoflow direction and groups sets, also known as
“festoon cross-bedding” that are amalgamated and form nested channels up to 5 meters thick
(Figure 4.25).
Facies D beds show sharp basal concave-up channel forms or otherwise lenticular
isolated ribbon channel beds (Figure 4.22) that pinch (Figures 4.22 and 4.23) or grade out within
a few tens of meters, more often in less than five meters but can be up to a few tens of meters
wide. Upsection, the amalgamated cross-bedded multistory channel complexes.
Facies D contains less than 5% gravel clasts. These intermittent and isolated gravel layers
indicate a lower, but still fluctuating flow energy; Furthermore, the gravel layers also distinguish
Facies D from the remaining sandstone lithofacies – Facies E and Facies F. Overall, Facies D’s
coarse composition and trough cross-beds indicate turbulent unidirectional flow. Channels and
channel forms indicate restricted flow in confined channels.
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Figure 4.20a: Squaw Section 1, Unit 3 – F-D outcrop with lenticular, medium-bedded geometry

Figure 4.20b: Yellow box from Fig. 4.20a, trough cross-bedding in Facies D. Bedding planes are lateral accretion sets in the channel
in 4.20a.
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Figure 4.20c: red box from Fig 4.20b, shows random and large Paleozoic clast weathering and
creating a void space

Figure 4.21: Just above small red box in Fig. 4.20b, showing chert gravel layer backfilling scour
and fill structures.
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Figure 4.22: Sqauw Section 3, Unit 3 - F-D exhibits trough cross-bedded sedimentary structures
in an amalgamated multistory downcutting channel network.
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Figure 4.23: Squaw Section 3, unit 3 – F-D showing low-angle trough cross-bedded layers
enveloping a planar tabular-crossbedded layer, which is encased by blue lines to
show the single bed and the white lines highlight the orientation of the planar
tabular cross-beds.
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Figure 4.24: Squaw Canyon Section 1, unit 3: F-D shows excellent planar tabular cross-bedded
sedimentary structures that decrease in height and angle upwards into inclined to
horizontal laminations.
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Facies E: Medium to Coarse-Grained Cross-Bedded Sandstone (F-E) [Sl-Ss]
F-E is a thin to medium-bedded upper-fine to lower-coarse-grained cross-bedded
sandstone (Figure 4.25). Outcrops are light buff-tan and peppery gray on fresh surfaces and
brown on weathered surfaces. Facies E differs from Facies D because Facies E exhibits moderate
sorting, finer grain size, and is laterally continuous over 100’s of meters (Figure 4.8).
F-E is composed of subangular, moderate to poorly sorted, medium to coarse-grained
sandstone with comparable clast mineralogy to F-D, F-B, and F-A. F-E is filled with a variety
fluvial sedimentary structures including trough cross-bedding, planar tabular cross-bedding, and
inclined laminations (Figure 4.26). 2-D planar tabular cross-bedded structures are 5-15
centimeters in thickness (Figure 4.27). Less frequently observed sedimentary structures include
flaser bedding (Figure 4.28), hummocky cross-bedding (Figure 4.29), scour and fill structures,
and climbing ripples and these tend to be key marker beds within the stratigraphic architecture,
appearing only in certain stratigraphic units. (Discussed in chapter 4.3)
Facies E exhibits both tabular (Figure 4.25) and wavy and lenticular bedding (Figure
4.31). The average facies thickness in outcrop is a few meters while individual bed thickness are
0.25 meters. Bedding contacts are typically abrupt, and most commonly Facies E overlies Facies
B or D and underlies Facies G. When the fine-grained laminated and sometimes burrowed Facies
- G overlies Facies E, that contact is gradational. In some instances Facies E is gradational with
underlying Facies B or D, for example documented gravel and pebble clasts are imbricated into
Facies E’s fabric. Less frequently, Facies E is found underlying Facies H in which case the upper
contact is abrupt. Even more rarely Facies E intertongues with Facies H, a nodular mudstone.
Facies E is usually gradational when underlying Facies G. The observable sedimentary structures
and consistent grain size and sorting indicate that Facies E was deposited in a more stable
depositional environment with a consistent flow regime, especially when compared to F-D.
Facies E is distributed throughout the entirety of the study area, however, it is thickest
towards Echo Canyon in the South. Well-developed isolated ribbon channels outcrops of F-E
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have average width of 3 meters and height of 0.42 meters tall. There is a higher frequency of
channels in the southern portion of the study area and in the higher units.
Facies E is found in every stratigraphic unit and is interpreted as deposits of high energy,
yet with relatively stable flow conditions. Sedimentary structures such as trough cross-bedding
and planar tabular cross-bedding in channels and barforms validate confined unidirectional
turbulent flow. Facies E is interpreted as sandstone deposited in a high energy, yet relatively
stable depositional environment in contrast to the less stable and episodically deposited Facies D.
Based on cross-bed thicknesses, the water depths were at least 0.75 m.
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Figure 4.25: Echo Canyon Section, Unit 1 – F-E amalgamated lenticular beds of trough cross
strata exhibiting large planar-tabular cross-beds (20-35 cms) with high width to
depth ratios.
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Figure 4.26: Squaw Section, Unit 3 - F-E showing channel margin pinching out into ripple-laminated sandstone.

Figure 4.27: Echo Section, Unit 8 - F-E showing small (3-7 cm) planar tabular cross-bedding
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Figure 4.28: Squaw Section 2, Unit 3 - F-E showing low-angle laminations grading up into
horizontal laminations.

Figure 4.29 Echo Section, Unit 5: F-E showing showing sedimentary structure alternation of
low-angle trough cross-beds to planar tabular cross-beds. Beding planes are
highlighted with blue lines
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Figure 4.30: Squaw Section 3, Unit 3 - F-E showing ripple laminated bedding. Sandier laminae
protrude and finer-grained layers are less well cemented. White lines in 4.26B
highlight individual undulatory cross- laminae.

Figure 4.31: Squaw Section, Unit 4: F-E hummocky cross-stratification.
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Facies F: Fine to Medium-Grained Ripple Lamianted Sandstone (F-F) [Sr]
Facies F is thin to medium bedded (0.1-0.25m), fine to medium-grained, moderately
sorted, lacustrine grained, ripple laminated sandstone (Figure 4.32). Facies F bears buff-bluishpurplish color on fresh surfaces and weathers rusty-brown. This sandstone can be differentiated
from other sandstones by its sand grains’ composition of lithic clasts of micritic carbonate and
also by its first appearance in Unit 5; Facies F is a lower energy derivative of Facies C.
Facies F contains sand grains of lacustrine carbonate nodules as well as various amounts
of quartz and feldspars. The carbonate grains are inferred to be derived from carbonate nodules
in the underlying lacustrine limestones. Grain sorting and shape varies from outcrop to outcrop
and depend on the mineralogy, transportation, and water depth. Along with variable
compositions, F-F exhibits a spectrum of primary sedimentary structures including ripplelaminations (Figure 4.32C), cross-bedding, laminations, scour and fill structures, and
structureless features (Figure 4.33).
Stratigraphically, F-F forms lenses or lenticular bedforms that are commonly encased by
Facies C, D, and E. Basal contacts are usually undulose and sharp and the upper contact is
usually gradational into Facies G, a fine-grained laminated and frequently burrowed facies
(Figure 4.32).
This fine to medium-grained ripple laminated sandstone is interpreted to represent
deposition in shallower and less energetic flows than the previous 6 facies. The diverse grain
size and sporadic grain sorting, indicate deposition in an unstable or rapidly evolving
environments. The lacustrine nodule clast sand grain composition indicates erosional reworking
of the silty and muddy lake floor (Facies G and H).
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Figure 4.32: F-F’s fine-grained ripple laminated upper contacts underlying F-H .

Figure 4.33: upper contact of Facies F can have scour and fill structures, notice scoured surfaces
in red box.
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Facies G: Fine to Medium-Grained Horizontally Laminated or Bioturbated Sandstone (FG) [Sh-Fr]
F-G is a laminated (Figure 4.35) or bioturbated (Figure 4.36) fine to lower mediumgrained, moderately well-sorted sandstone that is recognized by its light to dark maroon buff
color (Figure 4.37). Facies G’s grain size and sedimentary structures suggest lowest energy
sedimentary structures of all the sandstones in the upper Yucca Formation. Facies G’s unique
light maroon buff color reflects lower oxygen levels that are common in the lake sediment. In
addition to the color, Facies G has a higher competence, in relation to the other outcropping
sandstones, which reflects the carbonate cementation (vs silica cementation in prior sandstones).
Facies G’s diagnostic sedimentary structures are horizontal laminations, horizontal and
vertical burrows (Figures 4.36 – 4.40), and mudcracks, (Figure 4.40 and 4.41). Note,
occasionally laminations are slightly inclined, but no more than 5 or 10 degrees. The horizontal
and/or vertical burrows mottle the uppermost four to twenty centimeters of laminations. Both the
laminations and bioturbation signify a low energy depositional environment with slow or
episodic sedimentation. Rare coarse-grained lags of chert pebbles are found on the upper
surfaces of beds of Facies G (Figure. 4.41). These are single clast thick and poorly sorted.
Stratigraphically, Facies G outcrops as a laminated to thinly bedded, laterally
discontinuous packages with lenticular geometries. F-G is either erosionally overlain by channels
of F-E and F-D in amalgamated channel sandstone complexes or grades into Facies H. Most of
Facies G’s deposits drape over thicker Facies E deposits. Facies G can have sharp lower contacts
with Facies E and F. In most outcrops Facies E, F, or G are interlayered.
Facies G was deposited in a low energy yet unstable environment with turbulent flow that
likely formed in progression after sandy rippled facies E and F and before the muddy Facies H.
The poorly sorted lags on the upper facies are interpreted as lag deposits created by winnowing
of the shoreline of the lake during storms. These features indicate a near-shore setting above
wavebase.
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Figure 4.35: Echo Section, Unit 6 - Facies G showing very fine laminations

Figure 4.36: Squaw Section 1, Unit 4 - Facies G exhibiting mottling due to bioturbation
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Figure 4.37: Squaw Section 1, Unit 8 - Facies G clearly originally laminated, however, 3-5cm
long burrows disrupt the upper laminations.
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Figure 4.38: Squaw Section 2, Unit 4 – F-G in typical thin deposit with bioturbation mottling
laminations.

Figure 4.39: Squaw Section, Unit 66 - upper contact surface of Facies G showing horizontal and
vertical burrows on right and poorly developed mudcracks on left.
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Figure 4.40: Squaw Section, Unit 4 - upper contact of Facies G showing burrows, vertical to
subvertical deformed mudcracks back-filled with medium-grained sands, and
transgressive lag deposits of weathered away chert and limestone clast void spaces.
towards the left side of the figure. Pen for scale

Figure 4.41: Transgressive Shoreline Section 3, Unit 4 - upper contact of Facies G showing
transgressive lag deposit that reflects a storm or wave deposit which brings large
clasts onto silty to fine-grained sandstone. Pen for scale.
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Facies H: Silty Mudstones and Microbial Limestones (F-H) [Fl-Fsm-Fm; Fr]
F-H is identified as the shaley, silty, or fine-grained mudstones (Figure 4.42) and
limestones (Figure 4.43) that Li (2014) described and denoted as his Littoral Facies associations.
Lenticular outcrops of biochemical-sedimentary features including carbonate concretions,
septarian nodules, stromatolites, radial calcite fans, and irregular carbonate nodules define F-H.
Most of the carbonates in Facies H outcrop in lenses or dispersed beds within shales. Concretions
and nodules range in size and shape from 3 cm ovals to 60 cm columnar features (Li, 2014).
Stromatolite layers have planar bedding forms that are discontinuous and outcrops typically
focus around faults (Li, 2014).
Facies H mudstone beds typically outcrop in thin lenses that extend laterally for less than
100 m (Figure 4.44), however, F-H is the result of a stable carbonate depositional system, which
entails minimal siliciclastic input that effectively increases the lacustrine system’s carbonate
production.
This facies is interpreted as mud deposits out of waning suspended flow onto the floor of
a permanent or semipermanent alkaline lake (Li, 2014).

The units containing microbial

limestones are interpreted as being very shallow. Li (2014) interpreted these units as upward
shallowing sequences that were capped by fluvial channel strata. Only scattered mudcracks are
visible in these strata. Well-exposed laminations are rare and typically bedding is disrupted by
the growth of carbonate concretions. The unit contains interbedded lenses of Facies G, and
rarely, Facies F. The unit may be overlain by any of the other facies. However, it almost always
rests on a well burrowed Facies F, or a thin bed of Facies G that separates the unit from Facies F.
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Figure 4.42: Squaw Section, Unit 4 on left, Unit 8 on right – weathered out septarian concretions
appear as float in outcrops.

Figure 4.43: Squaw Section, Unit 10 on left, Unit 6 on right – weathered away septarian
concretions showing variety of colors. Right picture shows poorly bedded version.
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Figure 4.44: Squaw Section, Unit 4 – F-H showing randomized distribution as it outcrops in
lenticular (brown color) packages of F-H with short lateral continuity. Photo taken
Standing at top of Squaw Canyon measured section looking west into units 5,6, and
7 from Figure 4.1. Squaw Canyon Road is off to the side for reference and scale.
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4.3 Facies Associations
The eight lithofacies were used to define six facies association within the upper Yucca
Formation: 1) Braided and Meandering Stream conglomerates and sandstones (BMS) 2)
Lacustrine Mudstones and Limestones (LML) 3) Distributary Channel sandstones (DC) 4) Delta
Mouth Bar sandstones (DMB) 5) Prodelta mudstones and siltstones (PD) 6) Lacustrine Shoreface
Burrowed fine-grained Sands (LS) (Figure 3.7). The facies associations represent deposits of
coarse-grained fluvial and fine grained lacustrine depositional systems that interacted to form the
stratigraphy of the upper Yucca Formation.
Facies Association 1 – Braided and Meandering Stream Conglomerates and Sandstones
Braided and meandering stream conglomerates and channel-fill sandstone deposits are
apparent throughout the upper Yucca (Figures 4.2 and 4.3). BMS facies associations are ledge
and ridge-forming units, that are readily identified by their light maroon tinted buff color,
heterolithic conglomeratic composition, and erosional bases the cut into underlying nodularbearing shales. Outcrops of BMS include three lithofacies: medium to thick-bedded clastsupported gravel conglomerate (F-A), medium to thick-bedded matrix-supported gravel
conglomerate (F-B), and thin concave and lenticular bedded, poorly sorted coarse-grained, gravel
bearing, channel sandstones (F-D).
Braided and meandering stream deposits range from 5 to 30 meters thick (Figs 4.1, 4.2,
4.3). The facies association dominates the stratigraphic units 1, 3, and in unit 9 on the northern
and southern ends of the study area. In stratigraphic units 5, and 7, BMS Facies form channelshaped lenses 50 to 200 meters in outcrop (Figure 4.45). A thin bed of friable coarse-grained
cross-bedded sandstone (F-D) or structureless sandstone (F-E) separates the BMS facies
associations from overlying mudstones. These typically form an abrupt irregular surface with
both concave-up and convex-up geometries (Fig. 4.45) extending laterally for several hundred
meters throughout the study area and outcropping a maximum of 8 meters thick near Echo
Canyon.
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Braided stream deposits occur as multistory, matrix-supported conglomerate sheets
(Facies B) along with ribbon channels of clast-supported conglomerate (Facies A) and gravelstratified channel sandstones (Facies D) that form channels with an average thickness of 2.6
meters. These channels occur with broad concave-up geometries showing high width to depth
ratios. Meandering channels are similar in thickness, but better defined with lower width to dept
ratios (Figure 4.45); in the field, these are recognized by well-defined sets lateral accretion sets
(Figure 4.45).
Chert pebble conglomerates form a variable percentage of these channels. In Echo
Canyon, conglomerates are more common and form a thicker portion of the channel fills, with
several being composed entirely of conglomerate. Channels filled with Facies D are more
common in Units 5, 7, and 9 (Figure 4.1) and in the northern part of the study area.
This facies is interpreted as deposits of meandering and braided fluvial systems with
changing flow conditions. The coarse grain size, even in the upper parts of channel fills,
indicates high current energy. The poor sorting and interbedded conglomerates and sandstones
indicate episodic flow or fluctuating flow. Cross strata are unidirectional, indicating dispersal to
the north-northeast. The lack of internal and interbedded mudstones indicates a generally sandy
fluvial system that carried little silt and clay. This interpretation is supported by the paucity of
levee, splay, and overbank strata associated with these channels. The different internal bedding
in the channels indicates that both meandering and braided channels deposited the BMS.
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Figure 4.45a: Squaw Section, Unit 3 and 4 – BMS deposits are thick and most competent in this outcrop panoramic.

Figure 4.45b: Squaw Section, Unit 4 – BMS in red, DC in yellow, LML in green. Notice how BMS carves down into lowest LML deposits and also the lateral accretion sets, indicating its meandering nature.
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Facies Association 2 – Lacustrine Mudstones and Limestones (LML)
Lacustrine Mudstones and Limestones facies associations are composed of maroon, red,
pink and orange mudstones, that may contain thin lenses of nodular, massive, and stromatolotic,
limestones. Except for stratigraphic units 1 and 3, LMLs occur in every stratigraphic unit of the
upper Yucca Formation, especially dominating the lacustrine units (2,4,6,8,10). LML’s beds are
laterally continuous over several kilometers meters in the stratigraphic units 2, 4, 8, and 10
(Figure 4.44). In and above the fifth stratigraphic unit (Figure 4.1), LML’s intertongue with and
onlap other facies associations.
LMLs are composed of three lithofacies: thin bedded varicolored mudsone with or
without carbonate nodules (F-H),, horizontally laminated to bioturbated fine-grained sandstone
(F-G) that form thin ridges cropping out in the generally poorly exposed slopes as a result of
subsequent weathering, and rare limestone lenses containing stromatolites and algal laminae..
These units have been previously interpreted as lacustrine by Campbell (1980) and Li (2014).
Page (2011) interpreted them as shallow marine. Li (2014) identified stromatolitic algal mounds
and radial calcite fans focused around normal faults that were fed by fluid-bearing vents.
Septarian nodules or concretions are almost universally present in these units, and in some places
have almost completely displaced the shale to form nodular limestones. Although the sandstones
of Facies F and G that are interbedded with this facies are commonly burrowed, no fossils have
been identified, although Campbell (1980) identified charophyte gyrogonites, ostracod shell
fragments, small pelecypods, high-spired gastropods, and rare bone fragments in exposures of
these strata 25 km to the northeast.
LMLs are the most abundant and continuous facies association within the upper Yucca,
accounting for nearly 40% of the total stratigraphic thickness (Figures 4.1, 4.2, and 4.3). The
LMLs crop out adjacent to all the other facies associations in the upper Yucca Formation. This
study agrees with Li’s (2014) interpretation that these strata represent deposition in shallow
alkaline lakes. The interbedded sandstones indicate reworking of the lake bottom during storms.
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This is supported by the abundance of wave and current ripples in Facies G as well as the
burrowed tops of these beds. More difficult to interpret is the absence of fossils other than algal
bioherms. This implies that the water chemistry was too alkaline and varied too quickly for
shelly fauna to be preserved.
Facies Association 3 – Distributary Channel (DC) Gravelly and Cross-Bedded Sandstones
The distributary channel facies association is composed of coalesced gravelly sand
channel fills that outcrop in areas where transitions from sandstone to shale occur, including
stratigraphic units 5, 7, and 9 (Figure 4.46). The DC is composed of three lithofacies: 1) thin to
medium-bedded coarse-grained gravel-bearing channel sandstones (F-D), 2) thin to mediumbedded upper medium planar tabular cross-bedded sandstones (F-E), and 3) thin, lenticular
bedded fine-grained sandstones, (F-F) (Figure 4.47)
DC packages are most prominent in the 5th and 7th stratigraphic intervals, forming
laterally discontinuous packages of nested channels, each 1 to 2 m thick, which can outcrop up to
6 meters thick near the core of the lens (Figure 4.46). The internal geometry is similar to that of
the braid and meandering stream deposits. However, channels are thinner and lenses only extend
50 - 250 m in outcrop. The multistory DC channel complexes are ledge-formers. Unlike BMS
deposits, the DC’s multistory channel complexes thin laterally, most often within 100 m from the
core of the complex.
This facies association is interpreted as distributary channels, largely due to their
association, with the inferred delta front deposits described below. These strata pinch out in to
20 to 50 m-high foresets of sandstone and shale. They form the horizontal cap of the inferred
delta sequence. The channel forms indicate they formed as channels. The unidirectional flow
indicates fluvial flow rather than wave or tidal currents. The abundant carbonate rip-up clasts
indicate incision of underlying lacustrine mudstones. The intertonguing of these channels with
the lacustrine mudstones of the LML facies association indicates repeated flow across a lake that
fluctuated in size.
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Other inferred distributary channels show a wide range of sizes and shapes in different
positions on the delta, but typically in non-tidally influence deltas there tends to be an overall
downstream decrease in channel dimensions (Olariu and Bhattacharya, 2006), which is
consistent with the observation that these are smaller than associated BMS. Delta plain channels
tend to be few and are separated by lowland floodplains (Bhattacharya, 2006). These
interdistributary areas can be small in area, especially in deltas fed by braid plains (Bhattacharya,
2006). Replacement of the floodplain by channels depends on the avulsion frequency and the
relative rates of channel migration and basin subsidence or floodplain aggradation (Bristow and
Best, 1993).

Figure 4.46: Echo Canyon Section, Unit 7 - DC multistory complex with smaller oval-shaped
concretions containing lacustrine rip-up clast conglomerates (circled in blue)
incorporated into the channel complex.
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Figure 4.47a: Delta Sections 1 and 2, Unit 7 – DCs, LMLs, and DFs associations.

Figure 4.47b: Delta Sections 1 and 2, Unit 7 – Distributary Channels forming lenticular bodies (Yellow) encased in LMLs (Green). Another Distributary channel floored by limestone clast conglomerates extends out of view
around the hill to the right (South).
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Figure 4.48a: Echo Section, Unit 7 – DC multistory channel complex

Figure 4.48b: Echo Section, Unit 7 – DC multistory channel complex. Blue = F-C; Yellow = FD; orange = F – B; green = F-E
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Facies Association 5 – Delta Mouth Bar (DMB) Sandstones
Delta mouth bars in the upper Yucca are wedge-shaped upward coarsening units. The
basal portions, and distal parts are composed of very fine to fine-grained laminated or
bioturbated sandstones. The delta mouth bars are composed of three lithofacies: 1) nodular
lacustrine littoral limestone (Facies H) 2) thin- to medium-bedded fine-grained burrowed or
laminated sandstone (Facies E and F) 3). Medium-grained laminated and cross-stratified
sandstones (Facies D). The units form thick wedges that are inclined to the primary bedding of
the upper Yucca Formation the top of a DMB unit may be 10 to 50 m stratigraphically higher
than its base. DMB’s form shingled, progradational, sets that are separated by units of lacustrine
mudstone and limestone (LML). A typical unit of DMB contains 2-5 m thick best of finegrained rippled sandstone that intertongue on their northern, distal end with thin beds of
lacustrine mudstones.
Sandy delta-front facies like the DMB, predominantly reflect deposition from rapidly
decelerating unidirectional flows in distributary mouth-bar environments (Bhattacharya, 2006).
In the upper Yucca Formation, DMB’s exhibit current ripples, flaser bedding, and horizontal to
inclined laminations, which indicate unidirectional current flow and high depositional rates
(Bhattacharya, 2006). High depositional rates invoke rapid burial and allow for preservation of
primary sedimentary structures (Bhattacharya, 2006). Sorting is generally poor due to river
discharge variations, depositing irregular successions of interbedded mudstones and sandstones.
Sharp-based depositional units with climbing ripple cross-laminated and plane parallel to lowangle cross-stratified sandstones that form fluvial dominated mouth bars (Bhattacharya, 2006).
Gradationally based depositional sequences with wave ripple cross-laminated and low-angle
cross-stratified deposits that form fluvial-dominated mouth bars.
The DMB’s are interpreted to have formed from rapid deposition of fine-grained material
at the terminus of delta distributary channels (Bhattacharya, 2006); The proximal parts of the
wedges intertongue with and are incised and eroded by distributary channel conglomerates and
sandstones (Bhattacharya, 2006). At their basal, distal, ends, the units pinch out into lacustrine
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mudstones. They become finer grained down slope as is expected of mouth bars. Abundant
petrified wood is found in association with some DMB’s.

Their foreset wedge, internally

upward coarsening strata and association with lacustrine and distributary channel strata suggest
deposition in mouth bars in a broader fluvial dominated lacustrine deltas. The isolated, nature of
the deposits, separated by lacustrine mudstones indicates lake levels fluctuate throughout
deposition.
Mouth bar deposits form as the flow conditions at the channel mouth changes from
confined to unconfined and velocity decreases (Albertson et al. 1950; Bates 1953; Wright 1977).
The initial mouth bar forms close to the channel axis and bifurcates the channel flow (Olariu and
Bhattacharya, 2006) and initiates the formation process of terminal distributary channels.
Smallest channels are referred to as ‘terminal distributary channels’ and are intimately associated
with mouth bars (Bhattacharya, 2006). Terminal distributary channels form at the boundary
between the delta plain and the delta front. (Bhattacharya, 2006). The channels may form
depositionally by coalescence of adjacent mouth bars – no basal erosion, or by avulsion and
scour – with basal erosion and typically only a few meters of relief. These can extend several
kilometers basinward forming subaqueous channelized chutes to scoured facies within a delta
front (Olariu and Bhattacharya, 2006).
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Figure 4.49a: Delta Sections 1 and 2, Unit 5 – DMBs dominate southern end of the delta cross-section.

Figure 4.49a: Delta Sections 1 and 2, Unit 5 – DMBs in orange, DC’s in pink (F-C) and yellow, LS in brown, LML’s no color and
found in between.
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Facies Association 5 – Prodelta (PD) Siltstones and Mudstones
The prodeltas are discontinuous and interfinger with the deltaic sandstones, forming the
distal toe of delta deposits exhibiting well-defined horizontal laminations with varying degrees of
bioturbation masking the primary sedimentary structures (Bhattacharya, 2006). In the upper
Yucca Formation, prodelta’s are composed of two lithofacies: Facies G and Facies H in thin
lenticular beds that drape the tops of DMB deposits. Like the DMBs, the prodeltas are found
only in and above stratigraphic unit five. They can be distinguished from the lacustrine
mudstones based on their well-define horizontal laminations, lesser degrees of bioturbation,
along with their facies associations with DMBs. Prodeltas are found near the toes of delta slopes
forming the bottomsets of delta mouth bar clinoforms. Typically PDs are overlain by LMLs and
underlain by DMBs or LMLs, which they rest conformably on.
Historically, pro-deltas have been interpreted as the area where fine-grained sand, mud
and silt sediments settle slowly out of suspension, although it is becoming increasingly
recognized that many prodelta mud belts contain rapidly deposited hyperpycnal flow muds
formed by wave-assisted density currents (Bhattacharya, 2006) or by rapidly collapsing
hypopycnal plumes, suggesting that suspension settling may be more rapid than previously
thought. Prodelta deposits may show highly variable levels of bioturbation, depending on
sedimentation rates (Bhattacharya and Maceachern, 2009). Prodelta muds may merge with finegrained pelagic and commonly calcareous sediment of the distal basin floor and grade landward
into the sandy delta-front facies (Bhattacharya, 2006). The preservation of silty or sandy laminae
or beds within the prodeleta, especially showing normal or inverse grading, is generally taken to
indicate deposition by river floods, and hence, mark proximity to the river mouth (Allison et al.,
2000; Neill and Allison, 2005; MacEachern et al., 2005; Bhattacharya, 2006). By contrast,
deposits that are totally bioturbated form in areas away from the active river (MacEachern et. al.,
2005). Where the sediments are rhythmically laminated, a tidal influence may be inferred
(Willis, 2005). High sedimentation rates inhibit burrowing, or changes in water salinity/
chemistry – this is important on the down drift side of the river mouth (Bhattacharya, 2006)
76

Because of the abundant suspended sediment, certain types of vertical filter feeders and other
organisms that produce open vertical burrows of the Skolithos ichnofacies tend to be suppressed
(Moslow and Pemberton, 1988; Gingras et al., 1998; MacEachern et al., 2005). In contrast
burrowing levels may be very high along bed surfaces representing times between river floods
when water chemistry is stable and sedimentation slows, stagnates, or resumes normal conditions
(Bhattacharya, 2006).

Facies Association 6 – Lacustrine Shoreface (LS) Burrowed Fined-Sandstones
Lacustrine Shoreface burrowed fine-grained sandstones are made of thinly bedded very
fine to fine-grained sandstones, mudstones and siltstones with parallel-laminated and ripplelaminated structures. Secondary sedimentary structures such as bioturbation, mudcracks, and
transgressive lags confirm their depositional environment.
Upward coarsening deposits, typically 2 - 5 meters thick, start with fine-grained wave
ripple cross-laminated sandstones and transition upward into low angle cross-stratified mediumgrained sandstones or hummocky, swaley cross stratified sandstones. These LS deposits can an
also be associated with wave deposits. Locally, deposits are wave-modified with transgressive
lag deposits that likely resulted from a storm events. Intraformational clasts occur in deposits.
LS deposits are associated with deltaic facies associations (DFs, PDs, and DFs) as well as
lacustrine mudstones and distributary channels. The lacustrine shoreface generally does not have
high preservation potential when in association with the deltaic facies associations due to their
regressive nature and thus erosive tendency. However, their stratal surfaces are typically
preserved and showcase burrowed or transgressive lags.
During large river floods or storms, the prodelta shelf may be blanketed by shallow sandy
sediment that may settle as turbidites, interbedded storm beds that are also referred to as
transitional ‘toe-of-shoreface’ or distal delta-front facies, depending on whether they are thought
to be linked to a shoreface, to a mouth bar, or both (e.g., Mutti et al., 2003; Bhattacharya, 2006).
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Abundant dewatering cracks may reflect mechanical dewatering of sediment with high initial
porosity (e.g. Pratt, 1998).
The shoreface is the seaward-dipping equilibrium surface that forms in response to the
asymmetry of shoaling fair-weather waves (Barrell, 1912; Bruun, 1962; Swift, 1968;
Bhattacharya, 2006). The shape and extent of the shoreface depends on the interaction of
sediment supply and wave energy expended at the coast (Walker and Plint, 1992). Non-oceanic
settings, or coasts with wide shelves, typically lack swell waves, for example, and have a
correspondingly diminished shoreface in which fairweather waves affect only sediments
deposited in a few meters water depth. The upper delta plain is essentially nonlacustrine and
characterized by distributive river systems. Note that muddy subaqueous foreset is referred to as
the “delta front” (modified after Roberts and Sydow, 2003). This may nevertheless impart a
smooth-fronted appearance to the delta, but sediments deposited below the effects of fairweather
waves will record the original depositional processes. Many smooth-fronted modern deltas, such
as the Brazos, Burdekin, Baram/Trusan, and Mekong, while showing the effects of shallow-wave
reworking, show a dominance of river-flood or tidal facies in the underlying sediments
(Rodriguez et al., 2000; Lambiase et al., 2003; Ta et al., 2002, 2005; Fielding et al., 2005a,
2005b).

78

Chapter 5: Fluvial and Lacustrine Transitions in the upper Yucca Formation
5.1 Stratigraphic Transitions
Within the Yucca Formation there are marked changes in the abundance of fluvial
sandstone and lacustrine mudstone (Fig. 4.1). This thesis is a study of how these transitions
occur. Correlation of stratigraphic units shows that most of the changes occur in stratigraphic
units 5 through 9 (Fig. 4.1). These changes are obscured by faults in some locations, and
covered in others, but where well exposed, typically take the form of deltas, prograding into and
intertonguing with lacustrine shales (Fig. 4.1). Examination of three well-exposed examples of
the upper Yucca’s depositional transitions in the northern part of the study area (Fig. 4.52)
illustrates the interactions between fluvial and lacustrine systems and provides an understanding
of the behavior of the lacustrine system.
The three documented transitions are: 1) lacustrine to fluvial transition via fluvial
erosion of underling lacustrine mudstones across a sequence boundary 2) transgressive erosional
shoreline via LS bioturbated mudstones onlapping BMS facies and, 3) lacustrine delta via DMBS
intertonguing and forming clinoforms down the delta paleoslope (Table 5.1). They illustrate how
the lacustrine depositional system alternates on a spectrum from the fluvial braided river system
to the littoral lacustrine depositional environments. Furthermore, these three transitions illustrate
the mechanisms that control partitioning into depositional environments and provide important
information about the lacustrine environment of the upper Yucca Formation.
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Table 5.1: Stratigraphic Transitions Identification Criteria.
Stratigraphic

Grain Size

Facies

Transition Type

Trends

Associations

Stratal Geometries
BMS

1. BMS cross cuts LML
2. BMS fines to DC then LML

Fluvial Lacustrine

Fines

LML

Sequence Boundary

upwards

LS

3. LML coarsens to LS

DC
BMS
Transgressive

Fines

LS

Erosional Shoreline

upwards

LML

1. LS onlaps BMS or DC.
2. LML overlies LS
3. LML laterally continuous 30 ms

DC
DC
Fluvial-Lacustrine

Coarsens

Deltaic

Upwards

DMB
PD

1. DMB lenticular foresets
2. DC grade into DMB
3. PD lenticular drapes over DMB

Type 1: Lacustrine - Fluvial Sequence Boundary
Lacustrine to fluvial transitions from stratigraphic units 1 to 2 and from 3 to 4 (Figure
4.1) are marked by an erosional unconformity, creating a sequence boundary and a temporal
marker that correlates throughout the study area. (Figure 4.1). This transition is best observed in
a cross section about 100 meters south of Squaw Canyon (Figure 4.1) at the contact of unit 2 and
3 (Figure 5.1).
Squaw sections 1, 2, and 3 collected across this cross section (Figure 5.1) illustrate the
nature of the lacustrine and fluvial strata across this sequence boundary. Stratigraphic Unit 2 is
comprised of laterally continuous lacustrine littoral fine-grained sands, silts, and nodular
mudstones similar to those in Figure 4.43. At the top of Unit 2, there exists an erosional
stratigraphic surface that is continuous across the study area (Figures 4.1, 5.1). This surface was
created by the overlying erosive braided stream channel fills (BMS) of Unit 3 (Figure 4.45).
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The key feature of this transition is an abrupt change from lacustrine to fluvial, lacking
any evidence of changes in the lacustrine environment across the study area. Particularly, this
transition does not show signs of lake margin sediment.

These lacustrine fine-grained sands

lack three criteria that would classify this as a deltaic transition: 1) distributary channel and
delta-front lacustrine rip-up clasts conglomerates, 2) interfingering or onlapping lacustrine muds
and channel sands, and 3) lenticular laminated fine-grained delta mouth bar sandstones. While
this may be due to outcrops being largely parallel to depositional trends, the paleodispersal
direction is to the north. This suggests that the lake floor was shallow and flat. Shallow because
facies include stromatolites, and other carbonate facies interpreted as representing deposition in
the photic zone and interpreted by Li (2014) as the shallowest of lacustrine facies. Flat because
little lacustrine topography is evident as it is in units 5 and 7. Additionally an abrupt transition
from lacustrine to fluvial with no intervening facies indicates very restricted and thin lake margin
facies.
The incision of the lake floor by fluvial strata suggests that the primary control of this
transition is a loss of accommodation space from either a lake-level fall or increase in sediment
input and perhaps some combination of the two. Thus, the lacustrine environment was incised by
a fluvial system, most likely during a lowstand. However, if the fluvial system was prograding
this would imply upward coarsening as the channels build across the lake, which is not the case.
Therefore the fluvial-dominated Unit 3 represents a filling of an incised valley during a
retrogradation.
Following this progradation, the lacustrine system returns with an fining-upward trend in
the lake sediments that is consistent amongst squaw sections 1, 2, and 3. This indicates lacustrine
deepening trends in lake level during deposition, which is supported by the intermittent storm
beds (hummocky cross bedding figure), which occur below fair-weather wave base. However,
about two thirds of the way up into Unit 4 in the cross section this trend flips to a coarsening
upwards trend with the lake that progresses to a marginal lacustrine environment revealed by the
burrowed lacustrine shoreface and transgressive lag (similar to those in figure). This coarsening81

upward trend found at the very top of unit 4 indicates the lake is shallowing or sediment input is
increasing, perhaps during a brief low-stand when braided-meandering channels briefly extend
into the lake.
Overall the fluvial episode, which cuts into lacustrine Unit 2, shows an incrementally
waning level of depositional energy as the facies progress from basal BMS deposits of
clast/matrix-supported conglomerates of F-A and F-B into gravely channel fills of F-D. These
fluvial dominated low-stand channels extend laterally across the study area. This fluvial episode
shows an incrementally waning level of depositional energy as the facies progress gradationally
from basal BMS towards the LML. Then the LML’s return in lacustrine Unit 4 with intermittent
storms in a rising lake. This is supported by hummocky-cross-stratification and discontinuous
irregular beds of structureless, poorly-sorted sands encased periodically in Unit 4, which are
storm beds invoking depths of approximately 8 – 10 meters.

Finally, Unit 4 is capped by

burrowed sandstones of facies F and G that mark an abrupt transition back to lacustrine margin
deposition in which completes the fluvial to lacustrine cycle (Figure 5.1b).
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Figure 5.1a: Type 1- Lacustrine to fluvial transition via erosional unconformity transition (consistent with red box in Fig. 4.1).
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Figure 5.1b: Type 1- Lacustrine to fluvial transition via erosional unconformity transition (yellow line). Notice how the first yellow DC is continuous, this carries on for a few kms to the north and to the south.

84

Type 2: Transgressive Erosional Shoreline
The transgressive erosional shoreline example provides evidence for another type of
fluvial to lacustrine transition in the upper Yucca Formation. This transgressive shoreline is
documented in the base of Unit 5 about 200 meters north of Squaw Canyon (Red box in Figure
4.1).
The base of the transgressive erosional shoreline transition is marked with a lacustrine
shoreface mudstone that intertongues with and is overlain by a transgressive lag deposit (Figure
4.51). Cutting into the shoreface is a braided meandering stream deposit of conglomeratic facies
A and B, that show exceptional lateral accretion sets and also thicken towards the north (Figure
5.2). Above the meandering stream conglomerates and sandstones are onlapping fine-grained
laminated to burrowed lacustrine shoreface sandstones (Facies F and G (Figure 5.2b) that back
steps towards the north. These beds erode the top of the underlying sandstone and pinch out
within the overlying lacustrine mudstones. This onlapping geometry of laminated and burrowed
fine-grained sandstones demarcates the lacustrine shoreline and it provides evidence for a
transgression, marked by episodic storms that reworked sand into the lake from the shoreline.
This lacustrine unit invokes a much shallower lacustrine environment that was cut off
from clastic input entirely as it lacks storm deposits and contains significantly higher volumes of
nodular beds that are more continuous than in other lacustrine beds. For example, above the
onlapping fine-grained burrowed lacustrine shoreline there are two continuous septarian nodular
shale beds that are documented in the four Lacustrine Shoreline measured sections (Figure 5.2b:
green polygons). Also in the middle of the lacustrine shales are less continuous lenticular
stromatolitic limestones that appear encased in the shaley lacustrine system between sections 1
and 2 (Fig. 5.2). These stromatolites indicate a shallow lake with restricted clastic input, since
detrital sediment input inhibit stromatolitic growth.
Similar to the first transition, the base of the transition is marked by restricted lacustrine
facies that suddenly coarsens into BMS fluvial channels. This is supported by a brief coarsening
upward trend (1.5 meters thick) that is found at the base of the measured sections consistent
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between all of the measured sections. However, the BMS deposits in this transition slowly trends
towards the marginal lacustrine system with low sediment input. This trend is supported as the
1.5 meter thick as that basal fine-grained well-sorted lacustrine sandstone progresses into both
structureless and cross-bedded conglomeratic BMS sandstones that are finally capped by a
burrowed shoreline facies.
Therefore the transgressive erosional lacustrine-shoreline is identified by its stratal
onlapping geometries of marginal-lacustrine shoreface, fine-grained laminated to burrowed
sandstones that pinch out laterally to the north ontop of braided-meandering stream deposits
(Figure 5.2).
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Figure 5.2a: Transgressive Erosional Shoreline - 4 sections measured starting with 1 in the south and progressing to 4 in the north. Notice basal ledge former’s lateral accretions sets.

Figure 5.2b: Transgressive Erosional Shoreline - colored polygons represent facies associations. Notice the 3 brown LS facies pinching and onlapping (arrows illustrate) on top of red BMS surface (light blue line).
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Type 3: Fluvial-Lacustrine Delta
Fluvial-Lacustrine delta transitions are best observed in stratigraphic units 5 and 7,
particularly at the northern extent of the study area. Although, some fluvial-lacustrine delta lobes
outcrop in the southern portion of the study area, for example in Unit 5 about 1 km north of Echo
Canyon there are some excellent delta mouth bar foresets.
The delta north of Squaw Canyon (Figure 4.1 orange box and Figure 5.3) occupies 40 m
of stratigraphic thickness, with inclined foresets that are 25 m from base to top, which provides a
minimum lake depth. Between the four delta measured sections there are trends of depositional
environments. The delta plain, well-defined DC facies associations, are thickest in the south and
thin towards the north where they are separated by intertonguing open lacustrine mudstone
drapes, as well as lacustrine shoreface wedges and lenticular limestone beds (LML and LS) (Fig.
5.3, 5.4). The distributary channels are easily distinguishable from the fluvial strata by their
smaller size, more constant evident flow and abundant reworked clasts of lacustrine limestone
nodules. At the top of the interval, a thick distributary channel deposit incises into the
delta(Figure 4.1 and 5.3). This is interpreted as feeder channel to a younger delta farther
northward, as the unimodal paleodirections indicate (Fig. 5.3).
Distributary channels intertongue with and erosionally overlie thick fine-grained, ripple
and cross stratified wedges that form the primary inclined surfaces of the deltas and are
interpreted as delta mouth bars (Figures 5.3 and 5.4). These strata intertongue with lacustrine
mudstones at their basal margins along the delta slope. Intriguingly, additional distributary
channels are found incising the lacustrine mudstones at the toe of the first delta foresets (Figures
5.3 and 5.4). They are buried under younger foresets of prograding delta mouth bars. The delta
progrades 200 m to the north along outcrop, where it is then onlapped and covered by a
lacustrine mudstone.
The thick lacustrine mudstones that forms the northern part of the outcrop are separated
by relatively thin fluvial/distributary channel sandstones (Fig. 4.5.3). These coalesce in the
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north, and intertongue with and drape the delta foresets to the south, especially in between
sections 2 and 3.
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Figure 5.3a: Fluvial-Lacustrine Delta example in map view. Same as figure 4.4 (Orange box is consistent with orange box in Figure
4.1)

Figure 5.3b: Fluvial-Lacustrine Delta - highlighting the facies association and their distributions and associations. Notice orange
DMBs in the south are forming prograding clinoforms upsection. Also notice the stacking arrangement of the brown and
white lacustrine muds and shales – how fluvial DC’s and even DMBs cut right across from south to north.
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Chapter 6: Discussion
6.1 Sequence Stratigraphic Interpretation of Type 3 Transition
The Type 3 fluvial-lacustrine delta (Figure 5.3) records a history of a short-lived delta
lobe within a fluvial-dominated lacustrine delta. Distributary channels, eroding older lacustrine
sediments must have crossed exposed older delta environments, similarly to the large ovalshaped distributary channel marking the top of the delta packing in the studied delta (Figure
5.3b). These must have eroded nodules from the lacustrine mudstones to form the conglomeratic
clasts that are such a unique deposit in these units, Facies C. Episodes of rapid deposition on a
relatively steep delta slope can be inferred by the thick sandy mouth bars, especially between
sections 1 and 2 and between sections 3 and 4.
Deltaic progradation was interrupted by both drops in lake level and flooding that
drowned the delta top (Figure 6.1). The lowstand setting consists of lower braid plain and
distributary channels. Generally similar to those in the delta top, but found at the base of the
delta front and in equivalent strata extending from across the lacustrine beds (Figure ???). These
imply a dramatic drop in lake level that exposed the delta floor at least 25 m below its previous
level (Figure ??). Two of these lake lowstand channels are present in the studied delta, separated
by lacustrine mudstones (LML). This implies frequent changes in lake level of at least 25 m.
In addition to the lowstand deposits, mouth bar deposits are separated and draped with
lacustrine mudstones that continue onto the delta plain and separate packages of distributary
channels. These “transgressive” flooding events indicate that lake level also rose significantly
above the previous shoreline and shut off fluvial input to the delta (Fig. 6.2). Together these
features indicate a lake that fluctuated dramatically in depth over short time spans. It is possible
that the flooding events represent foundering of delta lobes when avulsions shifted deposition
away from this location, however destructive facies are not evident in outcrop, and the presence
of lacustrine mudstone on the delta top suggests deeper water.
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Lake Deepening

Figure 6.1: Sequence Stratigraphic interpretation of the lacustrine delta.
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Lake Shallowing

Figure 6.2: Simplified Schematic model of Lacustrine Delta’s stratigraphic arrangement by
applying concepts of sequence stratigraphy.
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6.2 Current Delta Models Implications On The Upper Yucca Formation
The hallmark of progradation of a delta is the coarsening upward facies succession,
reflecting a transition from muddier facies of the prodelta into the sandier facies of the delta front
and mouth-bar environments, and finally into the delta plain if the succession is complete
(Bhattacharya, 2006). As a delta progrades, the accumulation and preservation potential of the
delta-front to delta-plain succession is dependent on shoreline trajectory (Helland-Hansen and
Gjelberg, 1994).
The proportion of sandy lobe versus muddy inter-lobe facies successions will depend on
the nature and type of delta system, the stability of the distributary channels, and the amount of
non-marine accommodation (Bhattacharya, 2006). In river-dominated, muddy, hypopycnal
settings with minimal tides or waves, the positions of distributary channels may be fixed for long
periods of time, leading to formation of elongate bar fingers, such as in the deeper water
Mississippi ‘birdfoot’ delta and as well as in very shallow-water deltas, such as the Volga Delta,
in the Caspian Sea, and many bayhead and lagoonal deltas including the Colorado River Delta in
Matagorda Bay, Texas (Bhattacharya, 2006). In sandier deltas systems deposited in shallow
water, (like the upper Yucca Formation) distributaries switch more rapidly and coalesce to form
more lobate deltas, as in the Atchafalaya and Lafourche lobes in the Gulf of Mexico, and the
Lena Delta in the Russion Artic (Olariu and Bhattacharya, 2006). Consequently, this shallow
sandier delta system coincides with the upper Yucca’s shallow water lacustrine system with
rapidly avulsing delta lobes that are documented in the Type 3 transition.
If the shoreline trajectory is upward, thick accumulations of mud-prone paralic and nonmarine facies can accumulate behind an aggrading shoreface or delta front. In prodelta sediments
found in river-dominated deltas, sediments are typically heterolithic, laminated to thin-bedded
mudstones, with or without sandstones. The amount of bioturbation is variable and wave-formed
structures may occur at the tops of graded sandstone beds, but less abundant than in more waveinfluenced deltas (Bhattacharya, 2006). If floods occur during major coastal storms, sets of
highly aggrading wave rippled sandstone may occur and hummocky cross stratification may be
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abundant, especially of the storms affect both the river and the coastal areas (Storm floods of
Wheatcroft 2000; Mutti et al., 2003). Both of these sedimentary structures are recorded in the
upper Yucca Formation and have been interpreted similarly. Although the prodelta and delta
front muds and fine-grained sands exist in the upper Yucca, these deposits are limited in terms of
lateral continuity and vertical thickness to isolated lenses. In support of this, Olariu and
Bhattacharya (2006) theorized distributaries switch more rapidly and coalesce to form more
lobate deltas in shallower sandy delta systems like the Atchafalaya and Lafourche lobes in the
Gulf of Mexico, and the Lena Delta in the Russian Artic. Therefore, thick sandy distributary
channels eroding into prodelta shales can entirely cut out delta-front sandstones. This concept
has also been illustrated in the works of Bhattacharya and Walker (1992). This phenomenon is
also documented in the uppermost distributary channel that is recorded in the upper Yucca’s
Type 3 delta (Figure 6.1).
High sedimentation rates in river-dominated deltas induce soft sediment deformation
features, overpressured muds caused by deposition of overlying heavier sand, may inhibit
expulsion of pore fluids in underlying muds leading to reduced strength (Bhattacharya, 2006).
This may cause remobilization of the overlying sand resulting in abundant soft-sediment
deformation in forms of load casts, mud diapirs, dewatering structures, and development of
growth faults (Bhattacharya and Davies, 2004; Coleman et al., 1983); Out of all of these features
only growth faults have been recorded in the upper Yucca Formation. This probably is due to
the paucity of compressible prodelta mudstones and the abundance of carbonate nodules in
lacustrine mudstones that probably increases their scale of deformation. The scale of deformation
usually relates to the thickness of overpressured prodelta mud, and can be tens of meters in scale,
but where such deltas are closer to the shelf-edge, or where deltas overlie salt deposits, the entire
basin may become involved producing regional-scale faulting, with throws of several kilometers,
such as occur in the Niger Delta (Evamy et al., 1978) and parts of the Gulf of Mexico
(Bhattacharya, 2006).
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6.3 Fluvial Impact on Lake Development
As mentioned in previous sections, the upper Yucca Formation was deposited in a
lacustrine delta system framed by a network of rift faults with axial fluvial distributary braided
delta-feeder streams. This Cretaceous fluvial lacustrine-deltaic system would have had three
major controls: tectonics, climate, and sediment input.
Results show this lake was initially shallow with lacustrine mudstones, nodular
limestone, and stromatolites being the supporting evidence. However, paleosols and mudcracks
are not evident, and therefore there is no sign of the lake drying up. There is no data to support
weather the lake dried up in cycle’s deposits. There are transgressive lacustrine shoreline with
upward fining shoreface beds at the top of fluvial units, where they are overlain by lacustrine
intervals. This implies climate was a factor in catalyzing the sediment input into the lake, but it
was not detrimental to either the lake’s development or existence. Tectonics likely worked in
tandem with climate to create unique accommodation patterns and avenues for erosion.
Furthermore, a Waltherian progression from alluvial plains in the lower Yucca into
braided-meandering streams in the lower Units 1 and 3 in the upper Yucca into a deltaic
parasequence in Units 5 and 7 suggests the fluvial-lacustrine deltaic environment evolved an
overall lacustrine transgression throughout the early deposition of the upper Yucca. The
dominant north directed paleocurrent indicators parallel the rift’s axis, thus suggesting an
overwhelmingly axial fluvial system evolved alongside the rift margin (Figures 6.3 and 6.4).
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Figure 6.3: Simplified schematic model of Lacustrine Delta’s 3-D arrangement with regional context (Scale is approximate).
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Figure 6.4: Simplified sequence stratigraphic model showing paleocurrents, sequence stratigraphy of both complete measured sections
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Chapter 7: Conclusion
Deposition of the Late Cretaceous upper Yucca Formation within an active rift influenced
the temporal and spatial distribution of the shallow-lacustrine facies and how they interact with
the axial fluvial facies. Observations of composition, color, sedimentary structures, and bedding
features allowed discrimination of 8 unique lithofacies: clast-supported gravel conglomerate (FA), matrix-supported gravel conglomerate (F-B), lacustrine-clast bearing matrix-supported
conglomerate (F-C), gravel-bearing channelized coarse-grained sandstone (F-D), mediumgrained cross-bedded sandstone(F-E), fine-grained laminated and bioturbated sandstone (F-F),
nodular mudstones and micrboialites (F-G), and shaley, silty, or fine-grained mudstones and
limestones (F-H) (Table 4.1).
The eight lithofacies were used to define six facies associations within the upper Yucca
Formation: 1) Braided and Meandering Stream conglomerates and sandstones (BMS), 2)
Lacustrine Mudstones and Limestones (LML), 3) Distributary Channel sandstones (DC),, 4)
Delta Mouth Bar sandstones (DMB), 5) Prodelta mudstones and siltstones, and (PD) 6)
Lacustrine Shoreface Burrowed Fine-Sands (LS).

(Table 5.1).

These facies associations

represent deposits of coarse grained fluvial environments from high-energy turbulent
confined/poorly-confined flow and fine grained lacustrine from low-energy depositional systems
that interacted to form comprise the ten definitive stratigraphic units (Figure 4.1). The upper
Yucca Formation’s ten stratigraphic units form five sequences (Figure 4.1) that are characterized
by alternations between fluvial facies associations and lacustrine facies associations (Figure 4.1).
The upper Yucca Formation is 265 meters thick in south of the study area near Echo
Canyon and thickens towards the north up to 307 meters near Squaw Canyon (Figure 4.2 and
Figure 4.3). The thickness of each stratigraphic unit is variable across the area and is a function
of the erosional extent of fluvial facies and changes in facies associations. Units of the fluvial
facies associations, which includes the BMS, and DC facies associations, range from 10 to 75
meters thick while the lacustrine facies associations, which includes the LL, PD, LS range from
99

0.8 to 20 meters thick. However, the thickening in total upper Yucca Formation is largely
accounted for in stratigraphic unit seven, where the lacustrine delta sequence is nearly 40 meters
thicker in the Squaw Section than it is in Echo Section. Most importantly the upper Yucca
Formation’s fluvial facies associations dominate the north end of the study area but up section,
the upper Yucca Formation exhibits a trend to more and thicker lacustrine depositional system.
Fluvial strata in the upper Yucca Formation record upward-fining sequences that begins
with a heterolithic conglomerate braided stream deposits at the base that are covered with sandy
braided or meandering stream channels. However, note that facies are not necessary components
for every cycle. For example by stratigraphic unit five, the clast-supported heterolithic
conglomerate of F-A, which indicates deposition in braided streams, ceases to exist. In turn the
base of the cycles five, seven, and nine begins with gravely channel sandstones of lithofacies F-B
and F-D that either exhibit lateral accretion sets suggesting meandering streams or form
multistory distributary channel deposits.
The fluvial facies associations represent spatial and temporal trends that are attributed to
specific types of fluvial lithofacies and are temporally constrained to specific stratigraphic units:
1) Lithofacies A, heterolithic clast-supported conglomerates are present only in units 1 and 3; 2)
Above the basal BMS deposits in unit 3 meandering fluvial channel sandstones are common; 3)
Lithofacies B, heterolithic matrix-supported conglomerates dominate units 1 and 3 are found
interbedded in isolated multistory distributary channels in units 5, 7, and 9; 4) Lithofacies C,
lacustrine rip-up clast conglomerate first appears in stratigraphic unit 5 and increases in
frequency and volume up section. These are also concentrated in the northern part of the study
area.
The lacustrine facies associations invoke spatial and temporal trends that are attributed to
specific types of lacustrine lithofacies (Li, 2014). The lacustrine lithofacies have been grouped
for this research. Li (2014) suggests specific types of lacustrine lithofacies are temporally
constrained or completely isolated, including: 1) Dolomudstone is only present in Echo Canyon
46 meters from the base of section (stratigraphic equivalent to unit 2). 2) Thrombolitic lenses
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within the fine-grained burrowed sandstone are present only in Squaw Canyon at 295 meters
(stratigraphic equivalent of unit 8). 3) Calcite radial fans, present only in Echo Canyon at 114 m
(stratigraphic equivalent of unit 3). 4) Stromatolitic bindstone distribution is localized in
stratigraphic equivalents of units 2 and 4. 5) Fine-grained burrowed sandstone facies is thicker in
the upper cycles from cycle 7 to 11 and both fine-grained burrowed sandstone and fine-grained
sandstone containing carbonate septarian concretions dominate stratigraphic equivalent units 6,
8, and 10 (Li, 2014).
Three well-exposed examples of the upper Yucca’s depositional transitions document the
interactions between fluvial and lacustrine systems including: Type 1) lacustrine to fluvial
transition are marked by erosional unconformities are marked by a fluvial incision across the
lacustrine environment, Type 2) transgressive erosional shoreline that is apparent from burrowed
fine-grained lacustrine shoreface onlapping, pinching out on top of, and even incorporating
BMS deposits, and Type 3) lacustrine deltas that have intertonguing stratal geometries showing a
rising and falling lake level that drove a series of transgressions and sequence boundaries. These
also create delta clinoforms with distinctive delta mouth bars (Table 5.1, Figure 5.3). Altogether
this provides an understanding of the behavior of the lacustrine system’s interactions with a
fluvial input that formed the complex Lower Cretaceous upper Yucca Formation found between
Squaw and Echo canyons.
Sequence boundaries characterize the Type 1 transitions from units 2 to 3, 4 to 5 and 8 to
9. These three sequences mark base level drops where the lacustrine environment was overrun
and replaced with fluvial. Higher frequency sequences mark fluctuations in the deeper lakes of
units 5, 7, and 8. These deltas exhibit minimum water depths of 25 m during progradation and
deeper levels are indicated by the lacustrine mudstones that drape the delta tops.

Higher

frequency sequences are also shown by the fluvial channel sands that crop out in isolated layers
within the lacustrine mudstones beyond the toes of the deltas. These indicated episodes of
exposure and incision of the lake floor that interrupted the deltaic progradation.
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